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Salt-Front Movement in the Hudson River Estuary,

New York—

Simulations by One-Dimensional Flow and Solute-Transport Models

By M. Peter de Vries and Lawrence A. Weiss

ABSTRACT

The Hudson River is being considered for use as
a supplemental source of water supply for New Y ork
City during droughts. One proposal entails withdrawal
of Hudson River water from locations near Newburgh,
Chelsea, or Kingston, but the extent to which this
could cause the salt front to advance upstream to
points where it could adversely affect community
water suppliesis unknown. The U.S. Geological
Survey (USGS) one-dimensional Branch-Network
Dynamic Flow model (BRANCH) was used in
conjunction with the USGS one-dimensional
Branched Lagrangian Solute-Transport Model
(BLTM) to simulate the effect of five water-
withdrawal scenarios on the salt-front location.

The modeled reach contains 132 miles of the
lower Hudson River between the Federal Dam at Troy
and Hastings-on-Hudson (near New York City). The
BRANCH model was calibrated and verified to 19
tidal-cycle discharge measurements made at 11
locations by conventional and acoustic Doppler
current-profiler methods. Maximum measured
instantaneous tidal flow ranged from 20,000 ft%/s
(cubic feet per second) at Albany to 368,000 ft3/s at
Tellers Point; daily-mean flow at Green Island near
Troy ranged from 3,030 ft3/s to 45,000 ft%/s during the
flow measurements. Successive ebb- and flood-flow
volumes were measured and compared with computed
volumes; daily-mean bias was -1.6 percent (range
from -21.0 to +23.7 percent; 13.5 percent mean
absolute error). Daily-mean deviation between
simulated and measured stage at eight locations (from
Bowline Point to Albany) over the 19 tidal-cycle
measurements averaged +0.06 ft (range from -0.31 to
+0.40 ft; 0.21 ft root mean square error, RMSE). These
resultsindicate that the model can accurately simulate

flow in the Hudson River under awide range of flow,
tide, and meteorol ogical conditions.

The BLTM was used to simulate chloride
transport in the 61-mi reach from Turkey Point to
Bowline Point under two seasonal conditionsin
1990—one representing spring conditions of high
inflow and low salinity (April-June), the other
representing typical summer conditions of low inflow
and high salinity (July-August). Measured chloride
concentrations at Bowline Point were used to drive the
BLTM simulations, and data collected at West Point
were used for calibration. Mean biasin simulated
chloride concentration for the April-June 1990 (high
flow) data (observed range from 12 to 201 mg/L
[milligrams per liter]; 30 mg/L RM SE) was—16 mg/L,
and mean bias for the July-August 1990 (low flow)
data (observed range from 31 to 2,000 mg/L; 535 mg/
L RMSE) was +126 mg/L. The salt front (saltwater/
freshwater interface) on the Hudson River was defined
as the furthest upstream location where the chloride
concentration exceeded 100 mg/L. Data from August
1991 were used to evaluate solute transport between
West Point and Poughkeepsie because a chloride
concentration of 100 mg/L was not observed at
Clinton Point in 1990. The BLTM then was used to
simulate chloride concentrations at Chelsea Pump
Station and Clinton Point. Regression equations, based
on daily mean values of specific conductance
measured at West Point, were used to estimate daily
mean chloride concentrations at Chelsea Pump Station
and Clinton Point for model analysis. Mean biasesin
BLTM-simulated daily mean chloride concentrations
for August 1991 were —38 mg/L at Chelsea Pump
Station (range from 189 to 551 mg/L; 103 mg/L
RMSE) and -9 mg/L at Clinton Point (range from 53
to 264 mg/L; 62 mg/L RMSE).

Abstract 1



Hypothetical withdrawals at (1) Newburgh, (2)
Chelsea, (3) Chelsea and Newburgh, (4) Chelsea and
Kingston, and (5) Kingston and Newburgh, were
simulated to compute the effects of withdrawals on
salt-front movement. Withdrawals of 300 Mgal/d from
any combination of Chelsea or Newburgh could result
in upstream movement of the salt front of as much as
1.0 mi, given an initial salt-front location between
West Point and Rogers Point. Scenarios that included
withdrawals at Kingston caused the greatest upstream
salt-front movement. Simulation of a 90-day April-
June high-flow period during which discharges at
Green Island averaged 25,200 ft%s indicated that
withdrawals of 1,939 Mgal/d (million gallons per day)
at Chelsea Pump Station would not measureably
increase chloride concentrations at Chelsea Pump
Station under normal tidal and meteorological
conditions, but withdrawals at twice that rate (3,878
Mgal/d) could increase the chloride concentration at
Chelsea Pump Station to 250 mg/L.

INTRODUCTION

The Hudson River, which flows more than 300
mi from Wallface Ponds in the Adirondack Mountains
of northern New York State to the Battery, the
southernmost point of Manhattan Island in New York
City (fig. 1), isone of New York State’s major water
resources. Thetidal reach, which extends 153.7 mi
from the Battery to the Federal Dam at Troy (figs. 1,
2), contains saline water as far north asriver milet
(RM) 85, above the Battery, depending on freshwater
flow, tide stage, channel geometry, and wind. The
river has been used for shipping for more than 3
centuries and serves as awater supply for industries,
communities, and private groups; it also provides
recreation and is a spawning ground for many fish
species, some of which are of interest to the Atlantic
Coast commercial fisheries. It isaflyway for many
species of migrating birds and provides unique
habitats for endangered species of birds, turtles, and
fish. As human demands for water supply, waste
disposal, and recreation have increased, river
management has become vital to minimize
contamination of this resource.

New York City’s water-supply system serves
more than 9 million peoplein the City and five nearby

1Boldface terms are explained in glossary.
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counties (fig. 1); several upstate communities can use
the system during emergencies. Recent studies
indicate that the present water-supply system cannot
meet current demands during a drought (New York
State, 1989). The Mayor’s Intergovernmental Task
Force on New York City Water Supply Needs
convened in 1985 to review options for decreasing
New York City’'s water demand and increasing water
availability (New York City, 1992). Use of the tidal
Hudson River is one option being explored as a
supplemental source of water supply; but, amajor
concern is that the withdrawal s might cause the salt
front (saltwater/freshwater interface) to move
upstream from its normal late-summer location south
of Poughkeepsie and affect the Poughkeepsie water
supply at river mile 77.2.

In 1988, the U.S. Geologica Survey (USGS), in
cooperation with the New York City Department of
Environmental Protection, New York State
Department of Environmental Conservation, and the
Hudson Valley Regional Council (representing the
lower Hudson Valley counties of Dutchess, Orange,
Putnam, Rockland, Ulster, and Westchester [fig. 1]),
began a 5-year study to evaluate the effect of
hypothetical water withdrawals on the movement of
the salt front. Computerized simulations described in
this report are based on chloride concentrations and
river-flow rates measured during the spring and
summer of 1989, 1990, and 1991. Specific-
conductance measurements were made during 1988-
91 by boat to locate the salt front. Model simulations
of flow and solute transport in the 132.2-mi reach
between the Federal Dam at Troy and Hastings-on-
Hudson (fig. 1) were run to indicate what effect
hypothetical withdrawals at Chelsea, Kingston, and
Newburgh would have on the position of the salt front.
The study entailed:

(2) collection of specific conductance and tide-stage
data at 15-minuteintervals,

(2) measurement of river discharge at selected sites
with an acoustic Doppler current profiler,

(3) delineations of salt-front position,

(4) compilation of Hudson River bathymetry data,

(5) calibration and verification of the flow and solute-
transport models, and

(6) modd simulation of hypothetical withdrawals.

The principal objectives were to implement,
calibrate, and verify computerized flow and solute-
transport models, then use a pair of one-dimensional
models to simulate hypothetical public-supply
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withdrawals. This required compilation of bathymetry
datafor channel representation in the models and
collection of tide-stage, specific conductance, and
main-stem and tributary flow datafor model calibration
and verification. Regression analysis was used to relate
specific conductance values measured at the tide gages
to chloride concentration and salt-front location in
ungaged areas.

Purpose and Scope

This report describes the study reach on the
Hudson River, N.Y., and the procedures used to
calibrate and verify the models. It also (1) describes
the data-collection methods and the analytical
procedures used to obtain data for model calibration
and verification, (2) presents data on riverbed
geometry, river flow, wind speed, and the specific
conductance values that were used for the
simulations, (3) summarizes the model boundary
conditions and variables, (4) presents results of
simulations of hypothetical supplemental withdrawals
and of increased inflow, (5) describes results of a
sensitivity analysis to identify which factors have the
greatest effect on salt-front movement, and (6)
discusses data measurement and model limitations. A
tabulation of channel-geometry data and initial-
condition input for a series of cross sections are given
at the end of the report.
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HUDSON RIVER AND STUDY AREA

The Hudson River drains 13,370 mi2 above its
mouth at the Battery in New York City (fig. 1). More
than 95 percent of the drainage basinisin New York
State; the remainder liesin New Jersey, Vermont,
Massachusetts, and Connecticut. The lower (tidal)
Hudson River, which begins at the Federal Dam at
Troy, is adrowned-rivermouth estuary in which the
slope of theriverbed is extremely low (average 0.0002
ft/ft). Water vel ocities are sufficient, however, to carry
suspended sediment seaward so that barrier islands do
not form.

Study Area

The study included the entire lower Hudson
River from the Federal Dam at Troy to the Battery, but
the area of focus was the 77-mi reach from Turkey
Point near Saugerties (RM 98.5) to Hastings-on-
Hudson (RM 21.5), which normally includes the salt
front and transition zone. Under normal seasond tide
and inflow conditions, the transition zone extends
about 50 mi—from below Hastings-on-Hudson during
high-flow periodsin spring to New Hamburg (RM
67.7) during late summer low-flow periods (fig. 1).
During the 1960's drought, however, saline water was
observed as far north as Poughkeepsie, and in the dry
summer of 1991, the salt front was detected at river
mile 75.3 (1.9 mi below the Poughkeepsie water-
treatment-plant intake and 1.2 mi below the Village of
Highland water intake). A large inflow (82,500 ft3/s) at
Green Idland in November 1990 caused the salt front to
move downstream of the gage at Hastings-on-Hudson.

Chloride concentration can range widely
within the study reach at any given time. For
example, the chloride concentration at Clinton Point
near New Hamburg (RM 70.3) is almost always low
(less than 25 mg/L), whereas at Hastings-on-Hudson
(RM 21.5) it isalmost always relatively high (greater
than 3,000 mg/L).

Hudson River and Study Area 5



The width of the river within the study reach, as
estimated from USGS topographic maps, ranges from
about 600 ft near Albany to 18,000 ft near Haverstraw.
Average bottom elevation of the thalweg is 60 ft
below sea level; the lowest elevation is 225 ft below
sea level near West Point. Channel geometry at six
selected locations along the study reach are depicted in
figure 3, further on.

Tidal and Nontidal Flow

The Hudson River istidally affected asfar
upstream as the Federal Dam near Troy (RM 153.7).
Water below this location can flow both upstream
(negative flow) and downstream (positive flow),
depending on the tidal conditions. Tide stage within
thetidal part of theriver, as calculated for the period of
record for each of the following five sites, has a mean
daily range of about 4.1 ft at Hastings-on-Hudson
(RM 21.5), about 3.9 ft at Bowline Point (RM 37.5),
about 3.6 ft at West Point (RM 51.6), about 4.3 ft at
Turkey Point (RM 98.5), and about 5.5 ft at Albany
(RM 146.0)(fig. 1). Thisvariability is primarily dueto
differencesin channel geometry and cross-sectional
area. Maximum instantaneous tidal flows range from
+20,000 ft3/s (12,900 M gal/d) at Albany to about
+400,000 ft¥/s (259,000 Mgal/d) at Tellers Point (RM
33.9), 0.8 mi upstream from Ossining (fig. 1), when
freshwater inflow at Green Island is 6,000 ft¥/s (3,870
Mgal/d). Tidal flows as great as 368,000 ft/s (238,000
Mgal/d) were measured during August 22-23, 1990 at
Tellers Point.

Freshwater inflow, as measured at the USGS
gage at Green Idand (RM 153.7), comes mostly from
the upper Hudson River (the reach above Troy) (fig.
1). Gaged tributaries along the lower Hudson River are
the Moordener Kill (RM 138.0), Esopus Creek (RM
102.7), Rondout Creek (RM 91.5), Wallkill River (RM
91.5), Wappinger Creek (RM 67.3), and Croton River
(RM 33.5). Inflows from these tributaries were used as
an index of freshwater flow for this study and
represent 10,179 mi? or 77 percent of the 13,265-mi?
drainage area at Hastings-on-Hudson.

Salt Front
Although avast amount of information about

Hudson River flow has been collected over the years,
several aspects pertaining to the lower Hudson River
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remain poorly understood. One of these is the
movement of saline water, which can adversely affect
water supplies, wildlife habitat, and fisheries (Busby,
1966; Giese and Barr, 1967; Darmer, 1969; Harleman
and others, 1972; Quirk and others, 1973; Abood,
1974; Abood, 1977; Horne, 1977a; Horne, 1977b;
Abood, 1978; Apicellaand Zimmie, 1978; Dunn and
Gravlee, 1978; Horne, 1978; Embree and Wiltshire,
1978. Hudson River Research Council, 1980; Stedfast,
1980; Turk and Troutman, 1981; Stedfast, 1982;
Bokuniewicz and Flood, 1986; Malcolm Pirnie, 1986;
New York City, 1986; Darmer, 1987; Lee, 1987; New
York State, 1987; Rohmann and Lilienthal, 1987;
Hahl, 1988; New York State, 1988; de Vries and
Freeman, 1991; Abood and others, 1992; Thatcher,
1992; and Weiss and others, 1994).

The salt front is defined in this report (unless
otherwise noted) as the location at which the chloride
concentration equals 100 mg/L, equivalent to a specific
conductance of 500 puS/cm. The 250-mg/L New York
State drinking-water standard for chloride (New York
State, 1991) is a Secondary Standard (U.S.
Environmental Protection Agency, 1994), meaning that
chloride at this concentration is primarily ataste and
odor problem rather than a health issue. Lower
concentrations can affect water use, however; industrial
users and people on salt-restricted diets may definea
concentration as low as 50 mg/L as aquality criterion.

Various factors affect the movement of the salt
front; the main ones are freshwater flow (discharge),
the twice-daily tide, channel geometry, and wind,
especially when parallel to theriver. Large changesin
barometric pressure and, more significantly,
sustained winds along the continental shelf, also can
affect the tide stage and, thus, the movement of the
salt front (Milton Rutstein, National Ocean Service,
1989, oral commun.).

MODELING APPROACH

The modeling approach entailed (1) selection of
models consistent with the Hudson River’'s hydraulic
characteristics and channel conditions, (2) compilation
of available flow and stage data and collection of
salinity data, (3) developing relations between values
of specific conductance (measured continuously) and
chloride concentrations in ungaged areas, and (4)
model calibration and sensitivity analysis.
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Figure 3. Schematization of the lower Hudson River, N.Y., for the Branch-Network Dynamic-Flow model. (A) Model schematization
showing nodal point numbers, storage areas, and boundary condition data locations. (B) Cross-sectional channel geometry at six
selected locations between Green Island and Hastings-on-Hudson. (Additional schematization details are given in tables 10 and 11

and appendix | andl.)
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Model Selection

Various criteriawere considered during model
selection, these included the physical and hydraulic
characteristics of the Hudson River, the objectives of
the study, and the models' availability and ease of use.
Several one-dimensional flow and solute-transport
models were considered.

Because the lower Hudson River has an
extremely low slope aswell asdaily flow reversals and
tidal effects, it requires use of afully dynamic flow
model. Most surface-water flow models are based on
two equations— the continuity equation, which
solves for the conservation of mass (Newton’sfirst
law), and the dynamic equation, which solves for the
conservation of momentum (Newton's second law).
The dynamic equation is often simplified where
uniform-flow conditions and(or) steady-flow
conditions prevail, but because neither condition
applies to the lower Hudson River, the number of
appropriate models was limited.

Branch-Network Dynamic Flow Model

A modeling study of Hudson River flow was
donein thelate 1960's by Harleman and others (1972)
and Malcolm Pirnie (1986) with the Massachusetts
Institute of Technology (MIT) Transient Salinity
Intrusion Model (TSIM) (Thatcher and Harleman,
1972a, 1972b, 1978), which solves the continuity,
dynamic, and conservation equations through afinite-
difference solution scheme. The model selected for the
present (1989-91) study was the Branch-Network
Dynamic Flow model (BRANCH) (Schaffranek and
others, 1981; Schaffranek, 1987), which had been used
by the USGS to simulate flow in the reach from Albany
to Clinton Point (Stedfast, 1982; Stedfast, 1989). The
BRANCH flow model meets most of the requirements
for the river's physical conditionsand iswell
documented and readily available; it also has a data-
management system (Lai and others, 1978; Schaffranek
and Baltzer, 1978) and is easily transported among
computers. Itissimilar to the MIT model except that the
solute-trangport function is provided by a separate
solute-transport model. The BRANCH model solvesthe
unsteady-flow equations (continuity and dynamic)
through afour-point, nonlinear, implicit finite-
difference solution scheme. The unsteady-flow
equations account for nonuniform velocity distribution
in the cross section, including terms for the Boussinesq
coefficient, flow conveyance and storage separation,
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lateral flows, pressure differentias that result from
density variations, and wind effects.

Branched Lagrangian Solute-Transport Model

The model selected for the solute-transport
function was the Branched Lagrangian Solute-
Transport Model (BLTM) (Schoellhamer, D.H., and
Jobson, H.E., 1986a, 1986b; Jobson, 1987; Jobson and
Schoellhamer, 1987) because a solution scheme that
reduces numerical dispersion inherent in Eulerian-
based modelsisused in BLTM. The BLTM solvesthe
convective-dispersion equation through a Lagrangian
reference frame that moves the computational nodes
with the flow and can simulate the movement and fate
of as many as 10 water-quality constituents for the
BRANCH-computed unsteady-flow distribution.
This model isalso highly transportable between
compuiters, iswell documented, and can use the same
data-management system as the BRANCH mode.

Once flows had been generated by the flow
model at 15-minute intervals, they were transformed
into daily values and used as input to the solute-
transport model. Calibration of BLTM was done by
adjusting the chloride-dispersion values for each reach
until the model results closely matched the observed
daily mean chloride values. Daily mean values (as
opposed to 15-minute or other time-interval values)
were chosen because (1) daily mean values reflect
primarily low-frequency events such as spring-tide or
neap-tide cycles and the river’s response to inflows,
which are the major factors in movement of the salt
front, whereas 15-minute datainclude mainly the more
frequent (semidiurnal) tides and wind effects; (2)
regressions that relate predicted to measured salt-front
location, as calculated from the West Point index gage,
display best fit when based on daily mean values
(regressions based on extreme semidiurnal values such
as daily maximum or daily minimum display poorer
fits); and (3) trendsin daily mean chloride val ues based
on a 24-hour time-step are reasonably close to those
based on atidal-day time-step of 24 hours 50 minutes.

The BRANCH flow model and BLTM solute-
transport model were calibrated and verified to quantify
the forces that control saltwater movement in the lower
Hudson River (the reach between Albany and Hastings-
on-Hudson) and to predict the locations to which the
salt front would move in response to specified stresses
(withdrawals and drought conditions). The modelswere
calibrated and verified from data collected before 1980
and from June 1989 through August 1991.



Data

Data needed as input to the flow and transport
models include river stage (water-surface elevation),
main-stem discharge at Green Island, inflow from
tributaries, wind velocity and direction, and salinity.
Most simulations represented the range of tide and
freshwater-flow conditions measured from May 1989
through October 1990 and in August 1991, but some
incorporated data from 1979 to 1980 and from the
drought during the 1960’'s, the most severe drought
on record.

Stage, Inflow, and Wind Velocity

Available data for thetidal part of the Hudson
River consisted of (1) continuous and partial-record
stage datafrom 11 locations, (2) flow datafrom 11
sitesin addition to Green Island, and (3) inflow data
from five tributaries. Locations are described in table
1; discharges on selected dates are listed in table 2.
Wind-velocity data were available from Albany and
LaGuardiaAirports (fig. 2).

Tide Stage and Flow Measurements

Tide-stage data were collected at 15-min
intervals from June through October of 1989 and 1990
at the stationslisted in table 3; which also indicates the
types of recording devices and the reference-point
locations and datum corrections. Standard USGS
procedures for measuring stage (Carter and Davidian,
1969) and leveling measuring points into a common
datum (Kennedy, 1988) were followed. Gage-height
corrections caused by drift in the pressure transducers
used to measure stage are given in table 4.

Flow measurements in the tidal reaches of the
Hudson River were made from aboat by aRD
Instruments? Acoustic Doppler Current Profiler
(ADCP) (Gordon, 1989; RD Instruments, 1989;
Simpson and Oltmann, 1990). All ADCP
measurements were made between June 1989 and
October 1990. M easurements were made over a 22-
hour period because a 6- to 8-hour model startup time
was required before simulation was considered valid.
Measurements used for calibration aregivenin table 2;
some of these were collected in previous studies of

2Use of trade and brand names in this report is for identifica-
tion purposes only and does not constitute endorsement by the
U.S. Geological Survey.

1965-67 (Giese and Barr, 1967; Busby and Darmer,
1970) and 1979-80 (Stedfast, 1982) and were
measured with current meters from bridges or the
moving-boat method (Smoot and Novak, 1969).

Salinity

Theterm salinity, asused in thisreport, refersto
the concentration of chloride (as sodium chloride)
derived from the ocean. Specific conductance, a
measure of afluid’s ability to conduct an electrical
current, isan indicator of total dissolved solids and can
be directly related by regression analysis to salinity
within the concentration ranges found in the Hudson
River estuary. (See section, "Relation of Specific
Conductance to Chloride Concentration™.) Because
the reach upstream from the salt front has arelatively
low dissolved solids concentration, el evated specific
conductance readings are areliable indication of the
salt front’s presence.

A total of 30 boat runs, heresfter referred to as
salt-front delineations, were made between April and
October of 1988-91 between Teller's Point (RM 34)
and the Poughkeepsie Water-Treatment Plant (RM
77.2) to locate the salt front. During each salt-front
delineation, specific conductance was recorded with a
Hydrolab Scout (Hydrolab Corporation, 1988) at three
verticalsin each cross section and at three depths at
each vertical, and samples were collected for analysis
at the USGS National Water Quality Laboratory in
Denver, Colo. Some typical distribution patterns of
specific conductance in relation to depth at Bowline
Point, West Point, Clinton Point, and Poughkeepsie are
plotted in figure 4.

Salinity datawere collected at 15-minute
intervals with a USGS Minimonitor (Gordon and
Katzenbach, 1983) at Turkey Point hear Saugerties
(RM 98.5), Rogers Point near Hyde Park (RM 81.0),
Clinton Point near New Hamburg (RM 70.3), West
Point (RM 51.6), Bowline Point at Haverstraw (RM
37.5), and Hastings-on-Hudson (RM 21.5) (fig. 1)
during 1989-90; datawere collected only at West Point
in 1991 because data collection at the other gages had
been discontinued.

Data collected in this study were used to
develop regression equations that were in turn used to
compute (1) chloride concentration from specific
conductance, (2) chloride concentrations at Chelsea
Pump Station and Clinton Point from specific-
conductance values at West Point, (3) salt-front
location from specific conductance at West Point and

Modeling Approach 9
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Table 1. Locations of sites on the Hudson River, N.Y., from which stage and flow data were measured for BRANCH flow model

[Locations are shown in figs. 1 and 2. °, degrees; ’, minutes, ", seconds; miz, sguare miles)

Station location and drainage area Tributary location
Drainage
Station Latitude  Longitude area River River Latitude  Longitude
Station location number e e (mi) mile? Stream name mile? e e
Green Island 01358000° 42 4508 734122 8,090 0.00
Albany 01359139° 42 38 53 7344 50 8,288 8.53 b
] Moordener Kill 15.93 42 32 36 734513
Catskill 01361450° 4212 36 735112 9,336 41.42
West Camp 013621874 42 06 46 735534 10,026 49.12 b
_ g Esopus Creek 51.92 420415 735549
Turkey Point 01364832 420050 7356 22 10,506 55.92
Red Hook 01364840° 4159 58 7356 44 10,509 56.92
Rhinecliff 01372009° 415510 735712 10,528 62.72 Rondout Creek?
Sturgeon Point 0137200010° 415406 735716 11,700 64.22 (Comt\)/'\;‘a‘fkﬁl‘;”do“” 6282 415519 735808
Bard Rock 0137203901¢ 414816 735702 11,769 71.32
Rogers Point 01372040209 414623 7356 55 11,804 73.52
Poughkeepsie 01372055° 414208 7356 29 11,732 78.63
Clinton Point 013720594 413724 7356 55 11,745 84.23 ) b
b Wappinger Creek 87.23 413455 7356 52
Newburgh/Beacon 01372575 413018 735921 12,011 93.23
West Point 01374019° 412310 735720 12,596 102.86
Beverly Dock 0137402390° 412146 7357 26 12,603 104.34
Indian Point 01374320° 411600 7358 36 12,730 113.06
Bowline Point 01374485309 411212 735722 12,792 117.56
Tellers Point 01374486° 411009 735359 12,800 120.66 .
) d Croton River 120.76 411025 735305
Hastings-on-Hudson 01376303 4059 35 735312 13,265 133.00

4 River mile downstream from Federal Dam at Green Island. (Green Island is 153.7 river miles upstream from the Battery in New York City.)

b Discharge data available.

¢ Discharge and stage data available.

d Stage data available.



Table 2. Hudson River discharge measurements used for calibration of BRANCH flow model

[Locations are shown in fig. 2. Data for measurements of 1965-80 from Stedfast (1982). °F, degrees Fahrenheit; discharges arein
cubic feet per second; -, upstream (tidal) flow; +, downstream flow]

Discharge
Average
discharge
Water at Maximum Maximum
temperature Green Measurement upriver downriver
Date (°F) Island Modeled reach locations (northward)  (southward)
Aug. 11, 1965 7 3,030 Greenldandto  Poughkeepsie -245,000 +237,000
Clinton Point
May 24-25, 1966 58 20,000 -238,000 +281,000
Aug. 30, 1966 74 4,810 -225,000 +231,000
June 21-22, 1967 71 6,370 Rhinecliff -220,000 +208,000
Poughkeepsie -318,000 +280,000
Aug. 21, 1979 7 6,000 " Albany -19,100 +19,800
Red Hook -163,000 +174,000
Poughkeepsie -239,000 +239,000
Mar. 26, 1980 36 39,000 Albany +28,200 +50,000
Apr. 18, 1980 48 26,000 Catskill -117,000 +153,000
June 13-14, 1989 70 19,600 Albany to Indian Point -134,000 +205,000
Haverstrav
July 18-19, 1989 75 7,500 Greenldandto  Beverly Dock -200,000 +260,000
Haverstraw
Aug. 22-23, 1989 76 5,600 Newburgh/ -200,000 +193,000
Beacon
Sept. 26-27, 1989 75 11,500 Green Island to -210,000 +224,000
Hastings-on-
Hudson
May 9-10, 1990 56 17,500 Indian Point -267,000 +295,000
June 13-14, 1990 70 7,400 Poughkeepsie -255,000 +266,000
July 18-19, 1990 75 5,500 West Point -250,000 +285,000
Aug. 22-23, 1990 76 6,000 Tellers Point -340,000 +368,000
Oct. 23, 1990 57 18,000 Greenldandto  Sturgeon Point -190,000 +217,000
West Point
Oct. 24, 1990 57 45,000 -110,000 +237,000

Modeling Approach
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Table 3. Location, type of stage-recording device, and reference point information for tide-stage recorders in
Hudson River, N.Y., 1989-90

[Locations are shown in fig. 1. psi, pounds per square inch]

Reference Point Information

Elevation
(feet Datum
Station above sea corrections®
number Stage-recording device Location level) (feet)
01359139 Fischer-Porter ADRandfloatin ~ Corning Preserve in Albany—Top of 0.82 -10.00
well I-beam support for outside staff gage
01364832 Campbell CR10 data logger Turkey Point—Lag bolt in piling at 5.68 -0.55
and Druck PDCR 830 pressure  southeast corner of dock lighthouse
transducer, differential 0to 5
psi
0137204020 Campbell CR10 data logger Rogers Point—L ag bolt in west face 6.05 +0.04
and Druck PDCR 830 pressure  ledge 2 ft west of navigation light
transducer, differential 0to 5
psi
01372059 Campbell CR10 data logger Clinton Point—File mark in stedl rail 15.15 -0.06
and Scientific Instruments of walkway to pump at quarry
bubble gage with Druck PDCR
830 pressure transducer,
differential 0to 5 psi
01374019 Campbell CR10 data logger South dock at West Point—Lag bolt in 6.12 -0.12
and Druck PDCR 830 pressure  piling at northeast corner of South
transducer, differential 0to 5 Dock
psi
0137448530 Campbell CR10 data logger Bowline Point—Three file marksin 8.42 -0.08
and Druck PDCR 830 pressure  steel decking of pier and 100 ft south
transducer, differential 0to 5 of platform
psi
01376303 Campbell CR10 data logger Hastings-on-Hudson—Top of bolt in 5.99 0.00

and Druck PDCR 830 pressure
transducer, differential 0to 5

psi

bracket holding transducer pipe

1Datum corrections to be applied to stage data stored in the time-dependent data base.

12 Salt-Front Movement in the Hudson River Estuary, New York



Table 4. Stage corrections applied to 1989-90 Hudson River, N.Y., tide-stage data used in BRANCH flow model

[Station locations are shown in fig. 1. All values are in feet. Dash indicates no correction)

Period Station Number and Location
01376303
013704020 01372059 01374019 0137448530 Hastings-on-
From To Rogers Point Clinton Point West Point Bowline Point Hudson
9-21-89 10-17-89 0.00 -0.15 0.00 -0.14 -0.14
4-11-90 4-30-90 - - 0.00 -0.14 -0.14
4-31-90 5-18-90 0.00 -0.09 0.00 -0.15 -0.15
5-19-90 6-14-90 0.00 - 0.00 -0.15 -0.15
6-15-90 8-13-90 - - 0.00 -0.16 -0.19
8-22-90 10-11-90 -- -- 0.00 -0.14 -0.30
10-12-90 10-22-90 0.00 -- 0.00 -0.14 -0.14
10-23-90 11-15-90 - -0.09 0.00 - -0.22

Hastings-on-Hudson, and (4) salt-front location from
tide levels at West Point and inflows at Green Island
and five tributaries. Results are discussed bel ow.

Relation of Specific Conductance to Chloride
Concentration

Specific conductance values and chloride
concentrations of more than 1,030 samples collected
from the lower Hudson River during 1988-90 were
used to develop aregression equation that relates
specific conductance to chloride concentration. The
equation of best fit (coefficient of determinationis
0.9987) is

y = — 63+ 0.2925x + 4.071x10 °x25
(N

_ 1.413x107 0 + 870In(X)

where

y = chloride concentration, in
milligrams per liter; and

X = gpecific conductance, in
microsiemens per centimeter
at 25 degrees Celsius.

The correlation between specific conductance
and chloride concentration, as determined through
regression of datafrom 1,033 water samples, is
illustrated in figure 5.

Relation of Chloride Concentrations at West Point to
Those at Chelsea and Clinton Point

The daily-mean specific conductance values
computed for Bowline Point and West Point were
converted to chloride concentration through equation
1. Because no continuous specific conductance data
were collected in the reach above West Point during
August 1991 (the only period during the study that the
salt front moved north of the bay at Newburgh, RM
56.2-67.7), specific conductance measurements made
during salt-front delineations between West Point and
the Poughkeepsie Water-Treatment Plant were used to
relate daily mean chloride concentration at West Point
to daily mean chloride concentrations at Chelsea
Pump Station (RM 66.2) and Clinton Point (RM 70.3)
through the following regression equations:

Modeling Approach 13
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Figure 5. Relation between specific conductance and
chloride concentration in the lower Hudson River, N.Y.,
based on analyses of 1,033 water samples collected
prior to 1991.

where

y = dailly mean chloride concentration at
Chelsea Pump Station or Clinton Point,
in milligrams per liter; and

X = daly mean chloride concentration at
West Point, in milligrams per liter.

The coefficients of determination for Chelsea
Pump Station and Clinton Point equations were 0.897
and 0.943, respectively, and the standard errors of
estimate were £9.6 and +7.7 percent, respectively.
Computed daily means for August 9-31, 1991, are
shown in table 5.

To verify the predictions of the solute-transport
model (described later in the report) at a variety of
locations, specific conductance at West Point was
related to chloride concentration at West Point (RM
51.6), Catskill Aqueduct at Breakneck Point (RM
56.2), Newburgh (RM 62.3), Chelsea Pump Station
(RM 66.2), and Clinton Point (RM 70.3). The

100,000

regression equations are shown in table 6A; another
set of equations (table 6B) was used to recreate the
daily chloride concentration at 3 sites near
Poughkeepsie—the IBM pier (RM 72.3), the Central
Hudson powerplant (RM 74.8), and at the
Poughkeepsie Water-Treatment Plant (RM 77.2).

Relation of Specific Conductance at Hastings-on-
Hudson and West Point to Salt-front Location

Regression equations were developed that
relate daily mean specific conductance at the
Hastings-on-Hudson or West Point gages to the salt-
front locations observed in the 1988-91 salt-front
delineations. The resulting equation for Hastings-on-
Hudson is

SFRM,q, = —3911.77 + 193.59In(SCHH) , (3)

,_216353 168205
In(SCHH) /SCHH

where
SFRMig9 = 100 mg/L salt-front location at high
dlack tide, in river miles; and
SCHH = Daily mean specific conductance at

Hastings-on-Hudson, in micro-
siemens per centimeter at 25 degrees
Celsius.

The equations for West Point are shown in
table 7.

The standard error of estimate was 4.0 mi. The
curve flattensat RM 35 (fig. 6a), most likely because
lateral mixing in the bay at Haverstraw (RM 33.8-
40.7) increases as aresult of the extreme width (up to
3.5 mi) and shallow depths (about 20 ft); this mixing
decreasesthe rate of salt-front advancement in relation
toitsrate in narrower reaches.

The measured specific conductance values at
West Point (RM 51.6) were used to delineate the salt
front upstream of that gage because the bay at
Haverstraw appears to have a strong effect on mixing
and, hence, the rate of salt-front movement, and
therefore would give more reliable results than the
Hastings equation. The resulting lines of fit for the
100-, 250-, and 500-mg/L salt fronts based on West
Point data are shown in figure 6B; the equations and
standard errors of estimate are given in table 7. The
standard error of estimate for the 100-mg/L equationis
4.0 mi if calculated from the Hastings-on-Hudson
equation (eg. 3and fig. 6A) andis 1.45 mi if calculated
from the West Point equation (table 7 and fig. 6B).
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Table 5. Observed chloride concentration in Hudson
River at West Point, and computed concentrations at
Chelsea Pump Station and Clinton Point, N.Y., August
9-31, 1991

[Locations are shown in fig 1. Concentrations arein
milligrams per liter]

Computed
concentrations
Date Observed Chelsea
(August concentrations Pump Clinton
1991) at West Point Station Point

9 2,171 551 264
10 1,998 484 231
11 1,887 421 184
12 1,874 413 178
13 1,844 398 167
14 1,809 445 216
15 1,664 287 121
16 1,730 340 129
17 1,790 369 148
18 1,672 312 112
19 1,509 243 74
20 1,527 250 78
21 1,436 212 61
22 1,488 298 79
23 1,471 228 67
24 1,640 303 104
25 1,663 308 110
26 1,526 254 78
27 1,434 189 53
28 1,462 201 53
29 1,490 236 71
30 1,430 213 60
31 1,332 179 45

Relation of Tide Levels at West Point and Inflows
to Salt-front Location

Physical factors that affect chloride transport
include stream geometry, freshwater inflows, ocean
tides, and wind velocity. Antecedent conditions also
must be considered in any attempt to develop
longitudinal concentration profiles. A regression
equation (eg. 4) devel oped by Cooper and others
(1988) can be used to approximate chloride
concentrations from freshwater inflows and maximum
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tidal effect, given present channel geometry, wind
velocitieslessthan 5 mi/h, and initial water density of
1.939 slug/ft3 (freshwater). Water levels at West Point
were used to evaluate tidal effect; the initial water
density for the 17 observations of the 100-mg/L
chloride-concentration location (based on specific-
conductance data) was about 1.939 slug/ft3 at West
Point. The mean elevation of the five previous daily
maximum high tides (5-day mean) was used to
approximate steady-state conditions, and, similarly,
the 5-day mean inflow was computed as the average
of the sum of the five previous daily mean flows at
Green Island plus those of the five tributaries
(Moordener Kill, Esopus Creek, Rondout Creek,
Wallkill River, and Wappinger Creek [fig. 1]). The
resulting equation for the 100-mg/L chloride-
concentration location (CIL) upstream from West
Point at high slack tide, in river miles, is

877tidemax®38 , (4)

CIL =
flow0-34

where

CIL = river mile for 100-mg/L chloride
concentration,
tidemax = 5-day mean maximum tide, in feet
above mean sealevel, and
flow = 5-day mean inflow, in cubic feet
per second.

The coefficient of determination was 0.76, and
the standard errors of estimate were +5.5 and —6.6
percent. Thisequation hasamean biasof 2.4 mi and a
RM SE of 5.9 mi. The observed and calculated salt-
front locations are listed in table 8. Wind during
major storms affectsthe river stage and could alter the
results of the empirically derived relation between
salt-front location and flow. Wind velocity could be
incorporated into the equation, but using the 5-day
prior average maximum tide would obscure its short-
term effect because storm-related wind rarely persists
longer than aday. An estimate of stage for the day of
the storm could be provided by replacing the 5-day
value with the maximum tide for the day of the storm.

Application of Salinity Equations to Recent
and Historical Data

Estimates of the location of the 100-mg/L
chloride concentrations, based on equation 4, matched
the observed location within 1.8 mi for July 1993 and



Table 6. Equations relating daily mean chloride concentration in Hudson River upstream from West Point to daily mean

specific conductance at West Point, N.Y.

[Locationsare showninfig. 2. r2, coefficient of determination; Sxy, standard error of estimate; SpC, daily mean specific conductance;
pS/cm, microsiemens per centimeter at 25 degrees Celsius; Cl, daily mean chloride concentration, in milligrams per liter (mg/L);
RM, river mile above the Battery at New York City; --, not enough data to determine]

Minimum daily

Standard mean specific
error conductance for
of estimate given chloride
(percent) concentration
cl SpC
Location and river mile Equation I Max Min (mg/L)  (uS/cm)
A. Equations based on regression analyses of field data:
West Point (RM 51.6) Cl =-15+ 0.213SpCL09 0978 +15.8 -13.7 100 320
Catskill Aqueduct (RM Cl = -50 + 0.142SpC1-%° 990 + 96 - 88 100 600
56.2), at Breakneck Point
Newburgh, -84 (RM 62.3)  Cl = -170 + 0.088SpC 951 +11.7 -105 100 1,580
Chelsea Pump Station Cl =-192 + 0.051SpC1-%° 736 +23.3 -18.9 100 2,800
(RM 66.2) 250 4,100
500 6,200
Clinton Point (RM 70.3) Cl = -285 + 0.0355pC® 618 +17.0 -14.6 100 5,100
B. Equations derived from following relation:
Cl = -Constant + bfactor x SpC%,
where: Constant = -765 + 14.82 RM, and
bfactor = 98.237 + 2.2016 x In(RM) - 902.392/In(RM) + 877.24/(RM)%>
IBM pier (RM 72.3), below  Cl = -306 + 0.032SpC1-%° - - - 100 5,850
Poughkeesie
Central Hudson Power- Cl = -348 + 0.030SpC® - - - 100 6,750
plant (RM 74.8), near
Poughkeepsie
Poughkeepsie Water- Cl = -379 + 0.029SpC1-%° - - - 100 7,420
Treatment Plant (RM 77.2) 250 9,500
500 13,000

0.2 mi for August 1993 (both were periods of high
chloride concentrations at West Point). On July 21,
1993, when the daily mean specific conductance at
West Point was 6,590 uS/cm, the observed and
computed locations of the 100-mg/L chloride
concentrations were RM 73.5 and RM 75.3,
respectively. On August 19, 1993, the daily mean
specific conductance at West Point was 6,380 uS/cm,
and the observed and computed locations of the

100-mg/L chloride concentrations were RM 74.5 and
74.7, respectively. The 100-mg/L chloride-
concentration eguation indicates that a daily mean
specific conductance of at least 7,350 uS/cm at West
Point would be required for the 100-mg/L chloride
concentration to reach the Poughkeepsie water-
treatment plant (RM 77.2); this concentration would
be equivalent to adaily mean chloride concentration of
643 mg/L at Chelsea Pump Station.
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Table 7. Equations relating salt-front location in the Hudson River to daily mean specific conductance

at West Point, N.Y.
[uS/em, microsiemens per centimeter at 25 degrees Celsiug)

EQUATIONS

A. SFRM o0 = -4,840 + 237.2 X In(SCWP) + 27,193/In(SCWP) - 21,347/(SCWP)%>

B. SFRMys, = -9,035 + 422.0 X In(SCWP) + 52,140/In(SCWP) - 43,392/(SCWP)°5

C. SFRMsgq = -19,673 + 877.9 X IN(SCWP) + 117,001/In(SCWP) - 104,392/(SCWP)%5

where:. SFRM

= salt-front location at high slack tide, in river miles, subscripts 100, 250, and 500 refer

to chloride concentrations of 100, 250, and 500 milligrams per liter, respectively; and
SCWP = daily mean specific conductance at West Point, in microsiemens per centimeter at

25 degrees Celsius (uS/cm).
Coefficient of Standard error of Root mean square Specific
determination estimate (Sxy) error (RMSE) conductance range Salt-front range
Equation (r2 ) (miles) (miles) (uS/em) (miles)
A 0.986 15 15 162 - 10,000 34.6- 85.0
B .994 1.0 9 475 - 10,000 34.6-79.0
c .992 11 12 1,100 - 10,000 355-72.0

Observed and predicted salt-front locations
during some of the largest and highest tide-producing
storms of this century are given intable 9. For example
the storm of September 27, 1985, known as Hurricane
Gloria, occurred at ariver flow of 11,809 ft%s, which
impeded the upstream movement of the salt front such
that the chloride concentration at Chelsea Pump
Station (RM 66.2) was less than 40 mg/L, and the
computed location for the 100-mg/L salt front was RM
64.5. This computation provided a useful check onthe
accuracy of therelation, as did the winter storms of
February 1985 and December 11, 1992 (table 9). Even
though the maximum tide of December 11, 1992, was
3 ft higher than that of February 12, 1985, the flow on
December 11 was 3 times that of the February storm.
The largest high tide of this century occurred during
the Great New England Hurricane of 1938, but
freshwater inflow on the Hudson River was so large,
estimated to be 200,000 ft%/s at West Point (Paulsen
and others, 1940), that the salt front was probably
pushed seaward of the Battery (RM 0).

A chloride concentration of 342 mg/L was
measured at the Poughkeepsie Water-Treatment Plant
at RM 77.2 on November 20, 1964, during the severe
drought of 1960-68. The drought-recurrence interval
ranged from 35 to 80 years (Gravlee and others, 1991).
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Applying the regression equation from table 6 that
relates chloride concentration upstream of West Point
to specific conductance at West Point indicatesthat, on
that day, the specific conductance at West Point would
have been 10,780 uS/cm. Applying this value to the
salt-front location equations in table 7 indicates the
100- and 250-mg/L chloride concentrations to be at
RM 85.5 and 80.8, respectively. (Note: This use of the
equation isfor historical reference only and must be
interpreted with caution because the specific-
conductance valueis beyond the range used to develop
the equations.) This drought may have been the only
time since Great Sacandaga Lake (fig. 1) was built in
1924 that the Natural Heritage Program’s Kingston
Deepwater site (fig. 2) actually contained the reported
“dense saling” waters (New York State, 1990,

p. 127-128). Applying the 5-day mean inflow (flow
term) of 2,920 t%/s upstream from West Point and the
5-day tide level (tidemax term) of about 3.0 ft above
mean sea level at West Point, as approximated from
water levels recorded at the Battery by the National
Ocean Service of the National Oceanic and
Atmospheric Administration (written commun., 1993)
to equation 4 yielded a 100-mg/L chloride
concentration at RM 88.3, which is 2.8 mi upstream
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Figure 6. Computed and observed relation between salt-front location and daily mean specific conductance in Hudson
River, N.Y.: (A) 100-milligrams per liter salt-front location based on specific conductance values at Hastings-on-Hudson.
(B) 100-, 250-, and 500-milligrams per liter salt-front locations based on specific conductance

values at West Point.

from the location computed from the 100-mg/L West
Point specific conductance equation (table 7, eg. A).

Although empirical eguations based on specific
conductance and physical conditions at West Point are
accurate predictors of salt-front locations, they cannot
simulate the effect of hypothetical stresses such aslow
flows or increased withdrawal s for water supply on the
sat-front location; therefore, deterministic dynamic-
wave hydraulic and solute-transport model s were used
for those purposes in this study.

Flow Simulation by One-dimensional Flow
Model (BRANCH)

The USGS one-dimensional Branch-Network
Dynamic Flow model (BRANCH) was used to
simulate flow in the Hudson River under awide range
of inflow, tidal, and meteorological conditions. The

tidal Hudson River is 153.7 mi long, and thalweg
depth ranges from 15 ft just north of Albany (RM 152)
to more than 225 ft near West Point-North Dock (RM
52.9, fig. 2). River width ranges from 600 ft just north
of Albany to 18,000 ft in the bay near Haverstraw (fig.
3). Channel geometry in the estuary was represented in
the model s as a sequence of subreaches, each of which
was divided into branches that are connected at nodal
points and each branch was divided into segments,
mainly on the basis of channel geometry. Each
segment boundary is assigned cross-sectional datain
the model. The reach between Green Island and
Hastings-on-Hudson contains atotal of 26 branches
with 27 nodal points (fig. 3). Five additional branches
were added to represent side-channel and tributary-
storage areas as described by Stedfast (1982). The
nodal point locations, distance downstream from
Green Idland, and number of cross sectionsin each
branch are listed in table 10.
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Table 8. Observed and computed Hudson River salt-front

locations, based on (1) combined inflow from Hudson River at
Green Island and from five tributaries, and (2) tide elevations

at West Point, N.Y.
[ft3/s, cubic feet per second]

Tributary Tideb Salt-front Location
Inflow?  (feet above Error?
(f’/s)  sealevel) Observed® Computed® (miles)
5,749 2.65 67.2 66.9 -0.3
15,351 2.82 54.0 49.1 -4.9
7,045 2.82 61.6 63.9 +2.3
17,537 2.66 54.5 459 -8.6
4,097 3.00 75.3 78.7 +3.4
4,768 251 73.8 69.9 -39
8,355 2.67 713 50.1 -12.2
4,458 2.46 69.8 70.9 +1.1
4,058 2.73 71.7 76.2 +4.5
4,062 2.78 71.1 76.7 +5.6
4,960 2.38 69.2 67.6 -16
7,343 2.66 713 61.7 -10.6
8,723 2.73 63.6 58.7 -4.9
5,765 2.87 66.0 68.9 +2.9
7,707 2.47 61.0 59.0 -2.0
13,716 3.67 59.0 56.4 -2.6
13,419 2.96 62.0 52.3 -9.7

8 Mean 5-day prior inflow upstream from West Point.
b’ Mean maximum 5-day prior high tide at West Point.
€ In river miles upstream from the Battery in New Y ork City.
d' Difference between observed and computed values.

Calibration and Verification

Model calibration entailed adjusting the
coefficients of variables that affect flow in the river
until the resulting simulated flow was similar to the
measured flow. The final calibration for the entire
133-mi reach represents the values that gave the best
overal fit (for weighted daily-mean bias from
successive ebb- and flood-flow volumes and tidal-
wave timing) in simulating net flow generated from
tidal-cycle data collected at 11 discharge-
measurement and 8 stage-measurement locations.
Instantaneous errors may differ noticeably from
observed discharge and stage values and exceed the

reported weighted daily-mean bias and absolute error.

Mode verification entailed comparison of simulated
flows with independent data sets (not used during
calibration) that had been collected under differing
tide and flow conditions.
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Channel Geometry

Channel-geometry data were obtained from
Stedfast (1980) and the National Ocean Service of the
National Oceanic and Atmospheric Administration
(the latter in the form of digital files and older
hydrographic survey sheets); physical measurements
of the river channel also were made. The Channel
Geometry Analysis Program (CGAP) (Regan and
Schaffranek, 1985) aided in the analysis,
interpretation, and quantification of the physical
properties of the channel. Segment division criteria
were chosen that aid in the accuracy, convergence, and
stability of the model (Schaffraneck and others, 1981).
Segment divisions were chosen at locations where
thalweg depth, averaged over 1 mi, changed by more
than 30 ft. Additional segment divisions were chosen
where cross-sectional area, averaged over 1 mi,

Table 9. Salt-front locations in Hudson River, N.Y., during
severe storms of the 20th Century

[Locations shown in fig. 2. RM, river mile above
The Battery, New York City; uS/cm, microsiemens per centimeter at 25
degrees Celsius; mg/L, milligrams per liter]

DischargeJr Maximum tide
(cubic feet elevation Salt-front
per (feet above location
Date second) mean sea level) (RM)
9-21-
200,000 82* 0.0%
38
2-12- 7352
85 6,500 3.78 731D
9-21- 11,809 4.58 64.52
85
12-11- 6172
9P 20,800 6.75 60.3°

T 5-day mean inflow for Hudson River at Green Island and
5 tributaries.

T Estimated.

@ Computed from regression equation relating salt-front location to
flow and maximum tide (eq.4).

b A known chloride concentration of 800 mg/L at RM 64.7 would
yield amean specific conductance of 6,000 uS/cm at West Point;
therefore, the estimated location of the 100-mg/L salt front was at
RM 73.1.

¢ A mean specific conductance of 1,060 uS/cm measured at West
Point would place the 100-mg/L salt front at RM 60.3. The measured
chloride concentration at RM 64.7 on December 11, 1992, was
37mg/L.



Table 10. Nodal-point and corresponding BRANCH data used in flow model of the Hudson River between Green Island and

Hastings-on-Hudson, N.Y.
[Locations are shown in figs. 2 and 3]

Station Data BRANCH Data
Distance
along thalweg

downstream Number

Nodal from Green Length of cross

point  Number* Name Island (ftF Number? () sections®
1 01358000 Green Idland (Federal Dam) 0 -- - -
2 01359139 Albany 45,024 1 45,024 6
3 - Castleton-on-Hudson 88,304 2 43,280 4
4 - Schodack Landing 130,544 3 42,240 4
5 - Stockport 173,314 4 42,770 3
6 01361450 Catskill 218,714 5 45,400 4
7 01362187 West Camp 259,374 6 40,660 3
8 - Saugerties 274,154 7 14,780 2
9 01364832 Turkey Point 295,274 8 21,120 --
10 01364840 Red Hook 300,554 9 5,280 --
1 - Kingston 314,284 10 13,730 --
12 01372009 Rhinecliff 331,184 11 16,900 5
13 0137200910  Sturgeon Point 352,304 12 21,120 --
14 0137204020  Rogers Point (Hyde Park) 376,594 13 24,290 5
15 01372055 Poughkeepsie 415,144 14 38,550 4
16 01372059 Clinton Point (New Hamburg) 444,714 15 29,570 3
17 - Chelsea 466,362 16 21,648 4
18 01372575 Beacon (Newburgh) 492,233 17 25,871 3
19 - Pollepel 1sland 511,848 18 19,615 3
20 - Breakneck Point (Catskill agueduct) 518,712 19 6,864 2
21 - Cold Spring 530,845 20 12,133 3
22 01374019 West Point 542,988 21 12,143 6
23 0137402390 Beverly Dock 550,932 22 7,944 -
24 01374320 Indian Point 596,844 23 45,912 6
25 0137448530 Bowline Point (Haverstraw) 620,604 24 23,760 4
26 01374486 Tellers Point 636,972 25 16,368 3
27 01376303 Hastings-on-H udson® 701,916 26 64,944 7

1 Numbers shown wherever data were collected.
2 Distances from Stedfast (1980, 1982)

3 Total number of branches was 26, with 27 nodal points. Refer to figure 3 and appendix | and |1 for details.

4 Total number of mainstem cross sections was 84; an additional 10 cross sections represent storage.
5 Hastings-on-Hudson is 21.5 miles upstream from the Batttery in New York City.
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changed by more than 800 ft2. A total of 84 cross
sections were used to represent the geometry of the
main stem of the tidal Hudson, and another 10
represent side-channel storage areas (Stedfast, 1982).

The channel-geometry characteristics of the
study area are depicted in figure 3 as profiles at
selected segment divisions; channel cross-sectional
area and width at various stages for each segment are
given in appendix |. A schematic diagram of the
modeled river system isincluded in figure 3; the one-
dimensional representation contains five
subreaches—Green Island to Turkey Point, Turkey
Point to Clinton Point, Clinton Point to West Point,
West Point to Bowline Point, and Bowline Point to
Hastings-on-Hudson.

Boundary Conditions

The BRANCH flow mode is driven either by
upstream and downstream flow, by stage, or by both,
and by tributary inflow and wind velocity. In this
study, Green Island flow was input as the upstream
boundary condition, and stage at either Hastings-on-
Hudson or Bowline Point was used as the downstream

boundary condition. Stage data also were collected at
Albany, Turkey Point, Rogers Point, Clinton Point,
and West Point (fig. 1); these measured interim stages
and their corresponding flows were used to calibrate
and verify the model. The stage data were used to
calculate starting water-surface elevations at al 27
nodal points. Inflows of tributaries were measured at
Moordener Kill at Castleton-on-Hudson (01359750),
Esopus Creek at Mt. Marion (01364500), Rondout
Creek at Rosendale (01367500), Wallkill River at
Gardiner (01371500), Wappinger Creek at Wappinger
Falls (01372500), and Croton River at Croton Dam
(01375000) (fig. 1). The drainage areas and flows for
these gages were used to estimate flows for ungaged
drainage areas between the gages and their respective
tributary mouths (table 11). Wind-velocity and
direction datawere provided at Albany and LaGuardia
Airports by NWS. Wind datararely differed greatly
between the two measurement sites, but when the
wind was downstream (southward), Albany data were
used, and when it was upstream (northward),
LaGuardia data were used. An example of boundary
input datais given in appendix I1.

Table 11. Nodal-point and corresponding boundary conditions used in Hudson River, N.Y., BRANCH flow model

[Locations are shown in figs. 1, 2, and 3. mi2, square miles]

Drainage area Drainage area

above gage site above mouth

Nodal point  Station number Boundary condition and location* (mFi) (miz )

1 01358000  Streamflow at Hudson River at Green Island 8,090 8,090

2 -- Wind direction and velocity at Albany -- --

3 -- Storage near Castleton-on-Hudson - --

3 01359750  Streamflow at Moordener Kill at Castleton-on-Hudson 32.6 33
5 - Storage near Schodack Landing - -
7 - Storage near Stockport - -
9 -- Storage near Catskill - -
11 -- Storage near West Camp - -

13 01364500  Streamflow at Esopus Creek at Mt. Marion 419 425
01367500  Streamflow at Rondout Creek at Rosendale 383 -
01371500  Streamflow at Wallkill River at Gardiner 695 -

14 01372000  Streamflow for combined Rondout/Wallkill 1,078 1,172

18 01372500  Streamflow at Wappinger Creek near Wappinger Falls 181 210

26 01375000  Streamflow at Croton River at Croton Dam 378 381
27 01376303  Wind direction and velocity at Hastings-on-Hudson - -

(LaGuardiaAirport data)

* Location of lower boundary-condition stage data used for each model reach is given in tables 15 and 16.
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Theta and Chi

Two factorsthat affect the magnitude and timing
of the flow in the BRANCH model are theta, the finite-
difference weighting factor for the spatial derivatives,
and chi, aweighting factor for function valuesin the
flow equations; both can range from 0.5to 1.0. Several
combinations were tested and atheta value of 1.0 and
achi value of 0.5 were selected; these values affected
mainly the timing of flow.

Bed Friction and Internal Friction

Another important factor in model calibration is
the flow-resi stance coefficient, eta, which retards flow.
Although principally dependent on channel roughness,
the flow-resistance coefficient also may account for
schematization inaccuracies and departures from
assumed conditions (Schaffranek and others, 1981).
The flow-resistance coefficients that were used in this
study for the reach between Albany and Clinton Point
were those previously calculated by Stedfast (1982).
When the simulation represented only the reach
between Green Island and West Point, the closest
match for flow and stage resulted from a flow-
resistance coefficient of 0.017 between Clinton Point
and West Point. The computed and observed stages at
Clinton Point for September 26-27, 1989 are plotted in
figure 7. Similarly, measured flow at Tellers Point on
August 22-23, 1990, was checked against flow datafor
the reach from the Bowline Point to Hastings-on-
Hudson (fig. 8H); aflow-resistance coefficient of
0.0185 gave the best fit for this reach. Flow-resistance
coefficients for model subreaches arelisted in
appendix I1.

The reach from West Point (river width about
2,100 ft) south to Bowline Point (river width about
15,000 ft) is prone to variable-density stratification.
These density dynamics cause large internal friction
that can affect both the volume and timing of flows.
The effect of density differences among reaches was
investigated; the relation of water density to reach
|ocation when average discharge at Green Island
ranged from 5,500 to 11,500 ft¥/s during the summers
of 1989 and 1990 are plotted in figure 9. Because
BRANCH & gorithms assume constant density and
one-dimensional flow, the simplification of the actual
internal friction processes asincorporated in the model
requires adjustments to the flow-resistance coefficient
(eta) to correctly simulate observed flows. The flow-
resistance coefficients for the reach between West
Point and Bowline Point, where the river widens

considerably, were optimized for those measurements
to give the best fit. The flow-resistance factors are
plotted in relation to specific conductance at Bowline
Point in figure 10; model sensitivity analyses are
summarized in table 12. The improvement resulting
from the use of varied water-density coefficients
between segments is minimal when compared to the
constant-freshwater-density results and supports the
theory that well-mixed reaches, no matter how varied
the longitudinal density differences, will not greatly
ater thetidal flow. Increasing the flow-resistance
coefficient (eta) for the reach from West Point to
Bowline Point to account for internal friction lossesin
conjunction with increased salinity gave an
improvement of 17 percent for the August 1989
measurement. The final flow-resistance coefficients
used for the reach between West Point and Bowline
Point for all measurements made between June 1989
and August 1990 are given in table 13 and ranged from
0.0110 for a specific conductance at or below

1400 pS/cm to 0.040 for a specific conductance of
about 9,000 uS/cm at Bowline Point.

The BRANCH model also requiresthat a
momentum coefficient be defined that describes the
horizontal and vertical velocity profiles. In thisstudy, a
value of 1.000 was used for computational purposes.
In natural channels, momentum coefficient can be
much greater than 1.000, but any resulting error in the

3 SEPTEMBER, 1989
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Figure 7. Observed and computed stage
of Hudson River at Clinton Point, N.Y.,
September 26-27, 1989.
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Figure 8. Observed and computed discharge of Hudson River, N.Y., at nine sites in spring and summer of 1989 and 1990.
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Figure 9. Water density as a function of location at selected Green Island flows in 6.6-mile reach between Clinton Point
and Hastings-on-Hudson, N.Y.: A. August and September 1989. B. July and August 1990.

computation is assumed to be minimal because the
importance lies in the relative difference between
Cross sections, rather than their actual magnitudes.

Wind Velocity

Wind-velocity data collected at Albany and
LaGuardiaAirports by the National Weather Service
were input on a 3-hour frequency to provide 8 values
per day. The average wind speeds at Albany and
LaGuardiaAirports during calendar year 1990 were
10.5 and 13.8 mi/h, respectively; wind speed during the
flow measurements on August 22-23, 1989, was 8.8
mi/h at Albany and 11.2 mi/h at LaGuardia— similar to
the annual 1990 values. A sensitivity test of wind effect
was made for the August 1989 flow measurement at
Newburgh, in which net velocity was increased by 3
mi/h and 6 mi/h. Results (table 14) indicate that
increasesin the 3- to 6-mi/h range do not cause greater
than 10-percent biasin ebb- and flood-flow volume;
therefore, wind data from either airport could have
been used in the modeling without any significant

changein results. A storm on October 24, 1990, at
about 1 am. in the area of the flow measurement at
Sturgeon Point (RM 90.4) was accompanied by wind
from the north that impeded upstream flow; the wind
velocity was reported to have exceeded 20 mi/h, and
river-surface waves were 2 to

3 ft high. These high waves could have decreased the
accuracy of flow measurements between 1 am. and 8
am. that day, and the need for increased flexibility in
wind-data requirements for the modeling was noted.
Because only one wind-velocity site (Albany) was
represented in the model, and because the data
represent only 3-hour intervals, the decrease in the
upstream flow was difficult to replicate (fig. 8l).
Shorter wind-data-collection intervals and use of
additional wind-data sites would be useful in future
modeling efforts because the study reach istoo long to
be accurately represented by only one wind-data site.
To address this shortcoming, the lower end of the reach
was moved 30.1 mi north, from Hastings-on-Hudson to
West Point for the October 1990 simulation, to shorten

Modeling Approach 25



0.035 ‘

0.02 /L

0.01 /

0.005 /

0.002 /

0.001 /
0.0005 /

/
0.0002 /

0'00010 N e O O N N
N\ S O N N
NS W NIENUPAPA O
DAILY MEAN SPECIFIC CONDUCTANCE
AT BOWLINE POINT, IN MICROSIEMENS
PER CENTIMETER (SPCOND)

EXPLANATION

— BEST-FIT EQUATION:
ETA - 0.0161 = 4.17x1013 (SPCOND)?718
® OBSERVED ETA - 0.0161

FRICTION COEFFICIENT BETWEEN WEST POINT
AND BOWLINE POINT (ETA - 0.0161)

Figure 10. Friction coefficient in relation to specific-
conductance of Hudson River at Bowline Point for
17.8-mile reach from West Point to Bowline Point, N.Y.

the reach and make the lower boundary-condition
stages more representative of any wind-induced
conditions at Sturgeon Point. This decreased the daily-
mean absolute errors by 0.1 and 3.6 percent for
October 23 and 24, 1990, respectively (table 16).

Results

The model for the reach between Green Island
and Clinton Point was calibrated from 10 discharge
measurements made at five locations (Poughkeepsie,
Rhinecliff, Red Hook, Catskill, and Albany) during
1965-67 (Giese and Barr, 1967; Busby and Darmer,
1970) and 1979-80 (Stedfast, 1982). Model
coefficients from the USGS modeling study of the
Albany-to-Clinton Point reach (Stedfast, 1982) were
used as the basis for this calibration. A recalculation
done for this study incorporated tributary inflow and
wind data and extended the reach 8 mi upstream from
Albany to the Federal Dam at Troy so that Green
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Island flow could be used in place of Albany stage as
the upstream boundary condition; flow-resistance
coefficients (given in appendix |1) were not changed,
nor were previous datum corrections. The discharge
and stage errors for the sitesin thisreach are given in
table 15. Flow simulations for the 10 measurements of
discharge used for model calibration had daily-mean
biases that ranged from -21.0 to +4.8 percent; average
flow-simulation bias was -6.6 percent (11.5 percent
mean absolute error). Stage simulations had daily-
mean biases from -0.03 to +0.22 ft (+0.07 mean bias;
0.16 ft RMSE); stage biasin 10 of 14 daily
simulations ranged from 0 to +0.08 ft.

The model results for flows between Green
Island and Clinton Point were verified with two sets of
flow measurements made at Poughkeepsie (RM 76.5)
during June 1990 and Sturgeon Point (RM 90.4)
during October 1990. The discharge and stage errors
for these two sites are given in table 16. Flow
simulations for the two tidal-cycle measurements of
discharge used for model verification had daily-mean
biases that ranged from -13.9 to +15.0 percent;
average flow-simulation bias was -1.5 percent (21.4
percent mean absolute error); stage simulations had
daily-mean biases from -0.07 to +0.28 ft (+0.1 ft mean
bias; 0.2 ft RMSE).

The model reach from Clinton Point to
Hastings-on-Hudson was calibrated from three sets of
flow and stage data collected at two sitesin June and
September of 1989 and May of 1990. The calibration
for thisreach used datafrom Indian Point and Beacon.
The discharge and stage errors for these two sites are
given in table 16. Flow simulations for the three
measurements of discharge used for model calibration
had daily-mean biases that ranged from -7.3to +11.6
percent (the June 13, 1989, value was not used because
of the short period represented, less than 3 hours);
average flow-simulation bias was +4.9 percent
(16.6 percent mean absolute error). Stage simulations
had daily-mean biases from -0.05 to +0.08 ft (O ft
mean bias; 0.1 ft RMSE).

This model reach (Clinton Point to Hastings-on-
Hudson) was verified with flow and stage data
collected at four sitesin July and August 1989 and
July and August 1990. The discharge and stage errors
for the verification measurements made at these
sites—Beverly Dock (RM 50.1), West Point (RM
51.6), Newburgh (RM 61.4), and Tellers Point (RM
33.9)—areincluded in table 16. Simulations of flow at
the times of the four discharge measurements used for



Table 12. Effect of varying flow-resistance coefficients for Hudson River reach between West Point and
Bowline Point, N.Y., on error in flow computations, and effect of varying water density for the reach

between Clinton Point and Hastings-on-Hudson
[Locations are shown in fig. 1]

Net bias in flow

Flow-resistance coefficient Daily-mean bias in flow computation computation
and density combinations (percent) (percent)
Aug. 22 Aug. 23
A. AUGUST 22-23, 1989 (8 hours) (23.50 hours)
Friction coefficient = 0.020
Density = 1.9390 at all cross sections +33.9 +21.1 +25.8
Average density ranges from 1.939 at
Clinton Point to 1.9550 at Hastings-on-Hudson +28.7 +23.5 +25.4
Friction coefficient = 0.040
Density = 1.9390 at all cross sections +21.7 +4.2 +10.7
Average density ranges from 1.939 at
Clinton Point to 1.9550 at Hastings-on-Hudson +17.8 +6.6 +10.8
Sept. 26 Sept. 27
B. SEPTEMBER 26-27, 1989 (6 hours) (13 hours)
Friction coefficient = 0.020
Density = 1.9390 at all cross sections -85 +13.0 +6.2
Average density ranges from 1.939 at
Clinton Point to 1.946 at Hastings-on-Hudson +3.7 +13.1 +10.1
July 18 July 19
C. JULY 18-19, 1990 (8 hours) (14 hours)
Friction coefficient = 0.035
Density = 1.9390 at all cross sections -13.7 -8.6 -10.5
Average density ranges from 1.939 at
Clinton Point to 1.9473 at Hastings-on-Hudson -11.2 -11.7 -115

model verification had daily-mean biasesfrom-11.5to
+23.7 percent; average flow-simulation bias was +1.5
percent (10.7 percent mean absolute error). Stage
simulations had daily-mean biasesfrom -0.31 to +0.40
ft (+0.1 ft mean bias; 0.4 ft RMSE).

In summary, the model was calibrated and
verified to atotal of 19 tidal-cycle discharge
measurements made at 11 |ocations with conventional
and acoustic Doppler current-profiler methods.
Maximum measured instantaneous tidal flow ranged
from 20,000 ft3/s at Albany to 368,000 ft¥/s at Tellers
Point; daily-mean flow at Green Island ranged from
3,030 ft3/s to 45,000 ft3/s. Successive ebb- and
floodflow volumes were measured and compared with

computed volumes; daily-mean bias was -1.6 percent
(rangefrom -21.0 to +23.7 percent; 13.5 percent mean
absolute error). Daily-mean deviation between
simulated and measured stage at 8 locations (from
Bowline Point to Albany) over the 19 tidal-cycle
measurements averaged +0.06 ft (range from -0.31 to
+0.40 ft; 0.21 ft RMSE). These resultsindicate that the
model can accurately simulate flow in the Hudson
River under awide range of inflow, tidal, and
meteorological conditions. Examples of the match
between observed and computed flow data at nine
selected sitesin 1989 and 1990 are plotted in figure 8;
stage data on September 26-27 at Clinton Point are
plotted in figure 7.
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Table 13. Specific conductance of Hudson River at Hastings-on-Hudson and Bowline Point, and
flow-resistance coefficient (eta) for West Point to Bowline Point, N.Y. in 1989-90 flow simulations

[Locations are shown in fig. 2. Dash indicates no data]

Specific conductance, in microsiemens per centimeter at 25°Celsius

Hastings-on-Hudson Bowline Point Flow-
resistance
Date Top Middle Bottom coefficient
(1989-90)  Daily mean Mean daily mean daily mean daily mean Mean (eta)
1989
June 13 3,820 536 1,770 1,550
4,380 1,530 0.0155
June 14 4,940 777 2,370 2,170
July 18 13,700 8,590 9,950 11,940
14,700 10,140 .0400
July 19 15,700 9,660 9,520 11,200
Aug. 22 17,500 7,590 7,990 8,890
17,700 8,030 .0400
Aug. 23 17,900 7,450 7,760 8,480
Sept. 26 8,400 4,840 5,510 5,320
7,945 4,660 .0200
Sept. 27 7,490 3,770 4,300 4,190
1990
May 9 - 1,890 2,310 2,660
- 1,980 .0155
May 10 -- 1,540 1,620 1,830
June 13 - 4,320 6,400 7,460
- 6,190 .0250
June 14 -- 4,600 6,720 7,660
July 18 - 7,790 8,020 8,760
- 8,210 .0350
July 19 -- 7,890 8,100 8,700
Aug. 22 10,700 1,530 2,180 1,720
10,600 1,980 .0155
Aug. 23 10,500 1,700 2,610 2,110
Oct. 23 8,620 1,240 1,760 1,810
7,650 1,400 .0110
Oct. 24 6,680 759 1,340 1,480
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Table 14. Bias in simulated successive ebb- and
flood-flow volumes of Hudson River at Newburgh,
N.Y., August 22-23, 1989, resulting from simulated
increase in wind velocity

[All values are percent error]

Wind-velocity increase, in

miles per hour
Date Time 0" 3 6
Aug. 22 1800- 2400  +21.8 +26.0 +31.6
Aug. 23 0015 - 0530 -11 -5.0 -9.7
0545 - 1330 +10.7 +12.4 +14.2
1345 - 1400 -2.3 -4.4 -4.6
Weighted mean error +10.8 +11.7 +12.9

* Seefigure 8C

SALT-FRONT MOVEMENT SIMULATION
BY THE BRANCH-NETWORK
FLOW MODEL

Conservative particle (tagged solutes)
movement between Green Island and Hastings-on-
Hudson during the 26 days from July 18 through
August 13, 1990, was examined before the transport-
modeling effort began, and ten particle-entry locations
were used to plot the traveltimes of conservative
particles. The movement of ten different particles for
the 26-day period is plotted in figure 11A. For
example, the average flow at Green Island during July
18-29 was 5,970 ft¥/s; from then until August 5 it
averaged 4,220 ft¥/s, and during August 6-13 it
averaged 12,000 ft%s. A particle entering at Bowline
Point moved about 6 mi in the first 18 days
(0.33 mi/d during July 18-August 4), then, when the
average flow increased to 12,000 ft%/s, the particle
moved 11 mi in the next 8 days (1.38 mi/d). Average
particle speeds downstream from Green Idand are
plotted in figure 11B as afunction of discharge. These
are the maximum rates at which aconservative particle
would move; nonconservative (reactive) particles
would tend to move more slowly. The net increasesin
the distance a particle moves downstream for flow
increases of 1,000 ft%s, 3,000 ft¥s, and 5,000 ft%/s at
Green Idand are plotted in figure 11C.

Simulated Effect of Withdrawals and
Flow Increases

Hypothetical withdrawals at selected points
were simulated, and the resulting salt-front positions
were calculated, in an effort to quantify the upstream
movement of the salt front that would result from
withdrawal s to provide emergency supplies for New
York City.

Withdrawals at Kingston, Chelsea, and Newburgh

The Chelsea Pump Station at present is capable
of withdrawing 100 Mgal/d from the Hudson River,
but withdrawals of as much as 300 Mgal/d have been
discussed. Therefore, five scenarios of withdrawals
totaling 300 Mgal/d were simulated with the
BRANCH model: (1) 300 Mgal/d at Chelsea or
Newburgh, (2) 100 Mgal/d at Chelseaand 200 Mgal/d
at either Kingston or Newburgh, and (3) 100 Mgal/d at
Kingston and 200 Mgal/d at Newburgh; the effect of
these withdrawal s on upstream movement of a
conservative particle started at selected locationsis
summarized in table 17A. Results for conservative
particles injected between Green Island and Tellers
Point indicate that, of the five scenarios evaluated for
the period of moderate flow (July 18 to August 13,
1990), the scenario that would have the smallest effect
on salt-front movement is the one in which the
Chelsea Pump Station withdrawal would increase
from 100 Mgal/d to 300 Mgal/d. For this simulation,
discharge at Green Island averaged 7,100 ft%/s, and the
initial salt-front location was at Clinton Point or
below. The withdrawal that would have the smallest
effect in the reach from Poughkeepsie upstream to
Turkey Point would be withdrawal of 300 Mgal/d at
Newburgh. The scenarios that would have the greatest
effects on salt-front movement include withdrawals at
Kingston, where the greater withdrawal could move a
front initially near Poughkeepsie upstream by 1.1 mi.

Increased Rates of Withdrawals at Newburgh

Withdrawals of 1,000 ft%/s (646 Mgal/d), 3,000
ft3/s (1,939 Mgal/d), and 5,000 t%/s (3,232 Mgal/d) at
Newburgh during the 26-day period between July 18
and August 13, 1990 were simulated; the effect of
these withdrawals after 26 days on the movement of
conservative particles that started at selected locations
isshownintable 17B. Flowsat Green Island from July
18 through August 5 averaged 5,000 t%/s; only during
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Table 15. Calibration error for discharge and stage measured at five locations on Hudson River between

Green Island and Clinton Point, N.Y., before 1981

[Locations are shown in fig. 2. All simulations represent reach from Green Island to Clinton Point unless otherwise noted.
Bias, daily-mean bias; RM SE, root mean square error; horseman, hours and minutes; --, dash indicates no record]

Calibration error

Discharge Stage
Absolute Error Error
Date of . Bias error weight Bias RMSE weight
measurement Location (percent) (percent) (hours:min) (feet) (feet)  (hours:min)
Aug. 11,1965  Poughkeepsie -20.91 20.9! 7:30 +0.01 0.26 9:00
May 24,1966  Poughkeepsie -6.6 22.8 16:00 +.01 .04 16:00
May 25,1966  Poughkeepsie -6.2 6.2 10:45 +.02 .04 11:00
May 24,1966  Bard Rock (Hyde Park) - -- - -.01 .07 16:00
May 25,1966  Bard Rock (Hyde Park) -- -- - +.04 .08 11:00
Aug. 30,1966  Poughkeepsie +4.8 20.1 9:18 +.05 .06 9:15
Aug. 30,1966  Bard Rock (Hyde Park) -- -- - +.08 A1 14:00
Aug. 30,1966  Albany - - - -.03 24 14:00
June 21,1967  Poughkeepsie -9.9 9.9 10:24 +.16 .16 16:00
June 22, 1967  Poughkeepsie -8.1 8.1 8:36 +.12 A2 11:00
June 21,1967  Rhinecliff -25 2.8 11:23 +.19 22 16:00
June 22, 1967 Rhinecliff -- - - +.07 12 11:00
Aug. 21,1979  Poughkeepsie -7.2 7.2 11:08 - -- --
Aug. 21,1979  Red Hook -0.2 4.6 9:18 -- -- --
Aug. 21,1979  Albany -21.0 210 7:50 +.22 47 13:00
Aug. 21,1979  West Camp -- -- -- 0 .20 13:00
Mar. 26,1980  Albany -6.1 6.1 10:45 - - -
Apr. 18,1980  Catskill +4.72 472 4:45 - - -
Weighted mean error -6.6 115 +.07 16

1 wind vel ocity used for this measurement was recorded at LaGuardia Airport; wind velocity recorded at Albany Airport for all others.

2 Green Island to West Camp reach.

the last 7 days of the period (August 7-13) did flows
exceed 10,000 ft3/s. Withdrawals of 1,000 ft%/s, 3,000
ft3/s, and 5,000 ft3/s at Newburgh would shorten the
downstream movement of a particle (salt front) started
at the Chelsea Pump Station (RM 66.2) (table 17B) by
1.4 mi, 4.6 mi, and 7.4 mi, respectively; flows north of
Rogers Point (RM 81.0) would be unaffected. This
indicates that these withdrawals would affect at |east
21 mi of the river upstream of Newburgh; the
5,000-ft3/s withdrawal also would affect as much as 27
mi of the river downstream from Newburgh, and the
1,000- and 3,000-ft3/s withdrawals would affect the
river for at least 9 mi downstream from Newburgh.
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Increased Flow at Green Island

Flow increases of 1,000 ft%/s, 3,000 ft%/s, and
5,000 ft3/s at Green Island for the period from July 18
through August 13, 1990, were used to simulate the
effects of flow augmentations on conservative-particle
movement; results areincluded in table 17B and figure
11C. Generally, al other conditions remaining
constant, an increase in discharge at Green Island
would increase the rate of downstream movement of a
particle. Given an initial average Green Island flow of
7,100 ft3/s aflow increase of 1,000 ft3/s could cause a
particle started at the Chelsea Pump Station to move
1.4 mi farther downstream than it would otherwise.



Table 16. Calibration and verification error for discharge and stage measured at seven locations on Hudson River,

between Green Island and Hastings-on-Hudson, N.Y., after 1981

[Locations are shown in fig. 2. All simulations represent reach from Green Island to Hastings-on-Hudson unless otherwise noted.
Calib, calibration; Verif, verification; Bias, daily-mean bias; RM SE, root mean square error; hours:min, hours and minutes]

Calibration or verification error

C;’(gb- Discharge Stage at West Point
or Absolute Error Error
Date of verif. Bias error weight Bias RMSE weight
measurement Location (V)  (percent) (percent) (hours:min) (feet) (feet) (hours:min)
June 13, 1989  Indian Point C +53.81 53.8! 2:56 +0.051 0.28! 3:00
June 14 1989  Indian Point C +5.0t 97t 9:44 +.03! 06t 14:00
July 18,1989  Beverly Dock \% +23.7 237 5:07 +.212 642 8:00
July 19, 1989  Beverly Dock \Y; -0.7 34 12:33 -132 522 14:00
Aug. 22,1989 Newburgh \% +21.3 213 5:45 +.17 .63 9:00
Aug. 23,1989 Newburgh \% +4.7 55 13:25 +.06 .28 14:00
Sept. 26, 1989 Beacon C -6.1 6.1 7:30 +.063 133 8:00
Sept. 27, 1989 Beacon C +11.6 16.6 12:45 +.083 083 13:00
May 9,1990 Indian Point C +6.93 6.9° 4:54 +.053 073 7:30
May 10, 1990 Indian Point C 733 23.43 12:45 -.053 083 14:00
June 13,1990 Poughkeepsie \Y +15.0 26.4 8:00 +.28 34 8:00
June 14,1990 Poughkeepsie \Y -13.9 139 8:00 +.06 20 14:00
July 18,1990 West Point \% -115 115 8:00 -31 37 8:00
July 19,1990 West Point \Y -8.6 8.6 13:45 +.11 .23 14:00
Aug. 22,1990 Tellers Point \% +18.9 18.9 7:45 +.40% 504 8:00
Aug. 23,1990 Tellers Point \% -99 9.9 11:52 o* 194 14:00
Oct. 23,1990  Sturgeon Point V. -12.15, 12.15, 6:29 -073 173 9:00
-12.26 12.28
Oct. 24,1990  Sturgeon Point \% +1.2°, 27.3% 13:44 +.06° 093 14.00
+3.78 30.9°

Weighted mean error +1.9 149 +.05 .25

1 Albany to Bowline Point reach.
2 Stage at Clinton Point.

3 Green Idand to Bowline Point reach.

4 Stage at Bowline Point.
5 Green Island to West Point reach; high winds noted.
6 Green Island to Hasti ngs-on-Hudson reach; high winds noted.
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Table 17. Effect of simulated withdrawals from Hudson River, and augmented inflow at Green Island, N.Y., on conservative
particle movement 26 days after entry, July 18 through August 13, 1990
[Locations are shown in fig. 2. Values to right of shaded column indicate change in particle location, in miles, from the corresponding

location in shaded column (unstressed-condition location). Negative values represent upstream movement;
positive values indicate downstream movement. Values in shaded column arein river miles below Green Island dam.

--, indicates change could not be determined because particle left model reach; ft%/s, cubic feet per second]

A. With simulated withdrawals, in million gallons per day, at Chelsea, Newburgh, and Kingston for an average dischar ge of
7,100 ft¥/s at Green Island

Particle-entry point Combined withdrawals
_ Particle Chelsea  Chelsea  Kingston
distance below (100) + (100) + (100) +
) _ Green Island Chelsea Newburgh ~ Newburgh  Kingston — Newburgh
) Station location and dam after 26 withdrawal — withdrawal (200) (200) (200)
Station river miles below days, in miles
number Green Island (zero withdrawal) 100 300 100 300 300 300 300
01358000  Green Idland 0 66.6 0 0 0 0 0 -0.2 -0.1
01364832  Turkey Point ~ 55.9 90.6 -3 -1 0 0 -2 -1.2 -.6
0137204020 RogersPoint  71.3 102.8 -4 -10 -1 -3 -.6 -14 -9
01372055  Poughkeepsie  78.6 109.5 -2 -6 -1 -3 -4 -11 -7
01372059  Clinton Point ~ 84.2 113.6 -2 -5 -2 -6 -5 -1.0 -8
-- Chelsea 88.3 116.6 -1 -4 -2 -6 -5 -7 -7
01372575  Newburgh- 93.2 119.2 -1 -3 -2 -7 -.6 -.6 -7
Beacon
01374019  West Paint 102.8 125.1 -1 -4 -3 -8 -7 -7 -8
0137448530 Bowline Point 117.5 133.0! -- -- -- - - -- -
01374486  TellersPoint  120.6 133.0 -- -- -- - - -- -

B. With increased rates of withdrawal at Newburgh or flow augmentation at Green |sland

Particle Withdrawals at Newburgh Augmentation at Green Island
Particle-entry point distance below (million gallons per day) (cubic feet per second)
Green Island
Station location and dam after 26

Station river miles below days, in miles

number Green Island (zero withdrawal) 646 1,939 3,232 1,000 3,000 5,000
01358000 Green Island 0 66.6 0 0 0 5.0 125 18.8
01364832 Turkey Point 55.9 90.6 0 0 0 31 9.2 15.6
0137204020 RogersPoint  71.3 102.8 -7 -1.3 -20 32 8.8 13.2
01372055 Poughkeepsie  78.6 109.5 -7 -2.2 -3.7 25 6.8 9.8
01372059 Clinton Point  84.2 113.6 -1.2 -34 -5.8 21 52 8.9
-- Chelsea 88.3 116.6 -14 -4.6 -74 14 49 84
01372575 Newburgh- 93.2 119.2 -14 -4.8 -8.9 18 54 8.7

Beacon

01374019 West Point 102.8 125.1 -1.7 -5.5 -85 16 -- --
0137448530 Bowline Point 117.5 133.0 -- -- -7.0 -- -- --
01374486  TellersPoint  120.6 133.0! - - -3.7 - - -

1 The most downstream cross section in the flow model is Hastings-on-Hudson, 133.0 miles downstream from Green Island.
A particle cannot be traced once it passes this location.
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SALT-FRONT MOVEMENT
SIMULATION BY THE BLTM
SOLUTE-TRANSPORT MODEL

The Branched Lagrangian Solute-Transport
Model (BLTM) was used to simulate the effects of
hypothetical withdrawals on chloride concentrationsin
the reach from Turkey Point to Bowline Point. The
BLTM differsfrom BRANCH particletracking in that
BRANCH accounts only for movement by advection
(transport by currents) and does not account for solute
movement by the combined effects of turbulent flow
and molecular diffusion. The effects of molecular
diffusion and turbulence are 1 to 2 orders of magnitude
smaller than the effects of advection (Fischer and
others, 1979) and arereflected in BLTM through the
variable DQQ (the inverse of dispersion; thus, the
lower the DQQ, the higher the rate of mixing).

Model Calibration

Daily discharge data were collected from May
through August 1990 and during August 1991. Hows at
each of the 84 cross sections between Green Idand and
Hastings-on-Hudson were computed at 15-min intervals,
then transformed into daily values. Only the 61.0-mi reach
from Turkey Point to Bowline Point was used in the
model cdibration. This reach wastreated asasingle
branchin BLTM for the 1990 and 1991 data. Daily
chloride concentrations at Bowline Point were used asthe
lower boundary condition to smulate daily valuesfor
West Point, where severa periods of measured daily
chloride datawere available for calibration.

In 1990, the salt front did not move much farther
upstream than Newburgh; therefore, calibration could
not be made for locations north of Newburgh. 1n 1991,
the salt front moved much farther upstream, however,
and the calibration reach for this period was extended
to the Poughkeepsie Water-Treatment Plant. West
Point had the only operating chloride-concentration
gage in August 1991, so the reach used for the 1991
calibration was Turkey Point to West Point.

The solute-transport model uses avariable
DQQ, which was assigned to each cross section to
control the rate of mixing in the model. Because
upstream tributary inflow can have alarge effect on
DQQ, periods of high flow (April through June) and
periods of low flow (July through August) were
evaluated separately.

34 Salt-Front Movement in the Hudson River Estuary, New York

Turkey Point to Bowline Point

The 61.0-mi reach from Turkey Point to
Bowline Point included 36 cross sections.

Boundary Conditions

Boundary conditions for the 1990 simulations
were (1) daily chloride concentration at Bowline Point
and Turkey Point, (2) daily flow at each cross section,
and (3) the area and width of each cross section as
computed by the flow mode.

Initial Conditions

DQQ values were assigned to each cross section
on the basis of cross-sectional width and data on the
upstream movement of the salt front from Newburgh
in 1990. Starting flows were generated by the flow
model. Initial chloride concentrations were derived
from measured Bowline Point and West Point data and
from relations between chloride concentrations at
these sections and those measured at other cross
sections during salt-front delineations.

Results

The BLTM was used to simulate chloride
transport in the 61-mi reach from Turkey Point
(RM 98.5) to Bowline Point (RM 37.5) under two
seasonal conditions in 1990—spring conditions of
high inflow and low salinity (April-June; daily-mean
discharge at Green Island 23,700 ft3/s) and summer
conditions of low inflow and high salinity (July-
August; daily-mean discharge at Green Island
7,150 ft3/s). Measured chloride concentrations at
Bowline Point were used to drivethe BLTM
simulations, and concentrations measured at \West
Point were used for calibration. Observed and
simulated chloride concentrations for the April-June
1990 calibrations and the July-August 1990
calibrations for West Point are plotted in figure 12.
Mean bias in simulated chloride concentration for the
April-June 1990 data (fig. 12A, observed range 12 to
201 mg/L; 30 mg/L RM SE) was—16 mg/L. Mean
bias for the July-August 1990 data (fig. 12B,
observed range 31 to 2,000 mg/L; 535 mg/L RMSE)
was +126 mg/L. The August 1-29 calibration
(fig. 12C) had a mean bias of 11 mg/L. Even though
frictional resistance between West Point and Bowline
Point varies considerably, depending on tributary-
inflow conditions, a single mean value of the flow-
resistance coefficient (eta) was used by the flow
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Figure 12. Observed and simulated chloride concentrations
at West Point, N.Y., as a function of time during three solute-
transport model calibrations in 1990: A. April 10-June 30.

B. July 1-August 31. C. August 1-29.

model in this reach for the entire simulation period;
this could account for the high simulated chloride
concentrations after the August peak, when flows at
Green Island more than tripled. Relating the flow-
resistance coefficient for this reach to specific
conductance values at Bowline Point on a continuous
basis could improve the accuracy of simulations.

Turkey Point to West Point

The reach between Turkey Point and West Point
was calibrated to the August 1991 data to obtain DQQ
values for these 26 cross sections. No continuous
specific conductance data were collected in the reach
above West Point during August 1991 (the only period
during the study in which the salt front moved north of
the bay at Newburgh); therefore, the accuracy of the
solute-transport model at several locations was
checked by comparison with salt-front-delineation
data that related specific conductance at West Point to
chloride concentration at West Point, Catskill
Aqueduct (RM 56.2), Newburgh, Chelsea Pump
Station, and Clinton Point. The regression equations
are shown in table 6; the computed 1991 chloride
concentrations at Chelsea Pump Station and Clinton
Point used for calibration are givenin table 5. These
eguations also were used to calculate the daily
chloride concentration at the IBM pier below
Poughkeepsie (RM 72.3), the Central Hudson
Powerplant just south of the Mid-Hudson Bridge at
Poughkeepsie (RM 74.8), and the Poughkeepsie
Water-Treatment Plant (RM 77.2).

Boundary Conditions

The West Point daily chloride concentrations
were used to simulate input data for chloride
concentration at Chelsea Pump Station and Clinton
Point. Other input categories for each cross section
were (1) daily flow computed by the BRANCH
flow model, (2) cross-section area, and (3) cross-
section width.

Initial Conditions

The DQQ values used for the reach downstream
of Newburgh for July and August 1990 also were used
for the August 1991 calibration. Values of DQQ were
adjusted for the reach from Turkey Point downstream
to Newburgh; the data are included in table 18. Initial
chloride concentrations were obtained in the same
manner as the 1990 calibrations.
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Table 18. Observed and simulated chloride concentrations in Hudson River between Turkey Point and West Point,
N.Y., August 9-31, 1991

[Locations are shown in fig. 2. mi, miles. Concentrations are in milligrams per liter]

Chloride concentration

Distance below Dispersion Observed
Green Island coefficient (DQQ) maximum Simulated
Station name (mi) from BLTM model instantaneous maximum daily
Turkey Point 55.92 0.5 -- --
Rhinecliff 62.72 5 - --
Bard Rock 71.32 5 -- 25
Rogers Point 73.52 5 -- 27
St. Andrews on the Hudson 75.63 5 - 35
Poughkeepsie Water Treatment Plant 77.33 - 48 43
Poughkeepsie railroad bridge 78.13 -- 60 71
Poughkeepsie 78.63 1.0 -- 75
Central Hudson Powerplant 79.73 -- 115 --
Milton 81.23 10 -- 141
IBM pier 82.23 - 204 194
Clinton Point 84.23 1 464 264
Marlboro 85.53 7.0 - 363
Cedar Cliff 86.83 1 - 400
Chelsea Pumping Station 88.33 4.0 990 629
Brockway 90.93 38 -- --
Newburgh, -84 Bridge 92.23 -- 1,440 945
Newburgh-Beacon 93.23 33 -- 1,070
Hammond 95.43 25 - -
Pollepel I1sland 96.94 A -- --
Catskill Agueduct/Breakneck Point 98.24 1 2,450 1,630
Little Stony Point 99.44 A -- --
- 100.04 6.0 - --
- 100.84 8.0 - --
West Point North Dock 101.51 10.0 -- --
Gees Point 101.87 12.0 -- --
-- 102.29 20.5 -- --
West Point South Dock 102.86 -- 3,150 2,260
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Figure 13. Observed and simulated chloride concentrations

during solute-transport-model calibration, August 9-31, 1991:

A. At Chelsea. B. At Clinton Point.

Results

Simulated chloride concentrations at Chelsea
Pump Station and Clinton Point are shown in figure
13A and 13B, respectively. For reference, the
measured maximum instantaneous chloride
concentrations at many sites are shown in table 18
along with the maximum daily concentrations
simulated by the solute-transport model. The main
purpose of the August 1991 calibration wasto
establish reasonable DQQ values for the reach from

Newburgh to Poughkeepsie for subsequent withdrawal
simulations. Mean biasesin BLTM-simulated daily
mean chloride concentrations for August 1991 of

-38 mg/L at Chelsea Pump Station (range from 189 to
551 mg/L; 103 mg/L RMSE) and -9 mg/L at Clinton
Point (range from 53 to 264 mg/L ; 62 mg/L RMSE)
were similar to those obtained for West Point for July
and August 1990 simulations. The combined DQQ
values for the reaches above and below West Point,
which represent a dispersion ranging from 35 to 250
m?/d (average 140 m?/d), were then used in the
simulations of (1) withdrawals at Chelsea, Newburgh,
Hyde Park, and (2) flow augmentation at Green I sland.

Effects of Withdrawals and Flow
Augmentations on Salt-front Location

The major objective of this study wasto smulate
the effects of hypothetical withdrawals and flow
augmentation on the salt-front location. Withdrawal
simulations for Chelsea or Newburgh were based on
April-August 1990 data, and withdrawal simulationsfor
Hyde Park were based on August 1991 data, aswerethe
simulations of increased flow at Green Idand. The 1990
data were based on measurements at Bowline Point,
whereas the 1991 data were based on measurements at
West Point; thus, the simulated salt-front locations are
only relative. Effects of simulated withdrawals on the
flow field and chloride distribution may propagate out
to (and then converge at) the site used as the model
boundary, beyond which the upstream effects become
limited by the unaffected (constant)-boundary-
condition data. The simulated locations would be more
accurate if the southern boundary of the reach were
pure seawater because chloride concentrations lower
than that of seawater at this boundary could result in
lesser salt-front movement.

Withdrawals at Chelsea during High Flow

Withdrawals of 3,000 ft3/s and 6,000 ft3/s at
Chelsea Pump Station were simulated from the April
1-June 30, 1990 data. Flows at Green Island during
this period were relatively large, averaging
25,200 ft%/s, and, therefore, provided ideal conditions
for evaluating the effects of high-flow
“skimming”—Ilarge withdrawal s under relatively high
freshwater flow conditions. Results (fig. 14A) indicate
that awithdrawal of 1,939 Mgal/d (3,000 ft%/s) would
not measurably affect the local chloride concentration,
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but that withdrawing at twice that rate (3,878 Mgal/d
or 6,000 ft%/s) could increase it to 250 mg/L. A
withdrawal rate of 3,000 ft/s could cause the
250-mg/L salt front to move 5 mi upstream from its
unstressed-condition location at RM 49.7, and a
withdrawal of 6,000 ft3/s could cause it to move 16 mi

upstream to a point close to the Chelsea Pump Station.

Withdrawals at Chelsea or Newburgh

Simulated withdrawals of 5,000 ft¥/s at Chelsea
or Newburgh were based on data collected from July 1
through August 31, 1990, when flow at Green Island
averaged 7,150 ft¥/s. A simulated withdrawal of
5,000 ft3/s at Chelsea Pump Station caused the 250-
mg/L salt front to move 10 mi upstream from its
unstressed-condition location at RM 56.4, and the
same rate of withdrawal at Newburgh caused it to
move 3.5 mi upstream (fig.14B); the effect of both
withdrawal s became negligible at the Poughkeepsie
Water-Treatment Plant. If withdrawals were
increased, or, morelikely, if flow at Green Island were
to decrease, the salt front could move upstream
beyond Poughkeepsie.

The effect of a 100-Mgal/d withdrawal is
extrapolated from simulations of larger withdrawals
because 100 Mgal/d (155 ft3/s) represents less than
one-half of 1 percent of the measured tidal flow
volume (excursion) occurring in the lower Hudson
River near Chelsea Pump Station. For example, the
floodflow volume at a measured cross section at
Newburgh on August 22, 1989, from 1733 to 2335
hours, totaled -2.809 x 10° ft3 (incoming tide). A
constant withdrawal of 155 ft¥/sin this 6-hour period
would represent 3.3666 x 106 t3 of water, or 0.12
percent of the measured excursion. Note also that the
flow model was calibrated to discharge measurements
that carry an uncertainty at least of £5 percent.
Running the model with the 100 Mgal/d withdrawal is
possible but running the model with a series of larger
withdrawals (which are computationally more
significant than 100 Mgal/d) and extrapolating to the
100-Mgal/d withdrawal provides greater reliability.

The results of simulated withdrawals shown in
figures 14A and 14B were combined as figure 14C to
estimate the effects of a 100-Mgal/d withdrawal at the
Chelsea Pump Station. The BLTM simulations were
carried out for two different flows at Green Island that
encompass the range of inflow conditions to which
BLTM was calibrated. Overall, the continuous
withdrawal s based on July 1-August 31, 1990 data had
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alarger effect — Green Island flows during this period
averaged 7,150 ft3/s, and a simulated continuous
withdrawal of 100 Mgal/d at Chelsea Pump Station
resulted in an upstream salt-front movement of less
than 0.1 mi. The same withdrawals based on April 1-
June 30, 1990 data, during which Green Island flows
were 3 times greater (averaged 25,200 ft3/s) also
resulted in an upstream movement of the salt front of
lessthan 0.1 mi. The BLTM estimates are similar to
theresultsin table 17A, which lists the effect of a
continuous 100-Mgal/d withdrawal on the position of
aconservative particle after 26 days (July 18-August
13, 1990), when Green Island flows averaged

7,100 ft3/s. The 100-Mgal/d withdrawal at Chelsea
Pump Station could move the particles about 0.1 mi
upstream of the unstressed-condition location, given
an initia salt-front location, at or downstream of
Chelsea. Withdrawals of 300 Mgal/d from any
combination of Chelsea or Newburgh could result in
upstream movement of the salt front of as much as 1.0
mi, given aninitial salt-front location between West
Point and Rogers Point.

Withdrawals at Hyde Park

Simulated withdrawals of 2,500 ft3/s and
5,000 ft3/s at Hyde Park were based on the August
1991 chloride concentrations at West Point. The
average flow for this period at Green Island was 4,700
ft3/s; this added to a tributary inflow of 500 ft3/s from
the intervening drainage area, gives a flow of about
5,200 ft%/s at West Point. Results (fig. 14D) indicate
that, for withdrawals of 2,500 ft3/s or 5,000 ft3/s, the
250-mg/L salt front would move upstream 2.6 and 3.1
mi, respectively, from an unstressed-condition location
at RM 69.7. Because Green Island flows were
increasing after August 9, 1991, and tide height was
decreasing after the monthly spring tide, earlier flows
of less than 4,700 ft3/s could have resulted in a greater
upstream movement of the salt front.

Flow Augmentations at Green Island

Increased river flows at Green Island were
simulated to evaluate the effect of flow augmentations
on the salt-front location. Simulated low flows at
Green Island were increased by 1,000 and 5,000 ft3/s.
The daily mean flow at Green Island during
August 9-31, 1991, was 4,400 ft3/s—about a 90-
percent flow duration (flow that is exceeded 90 percent
of thetime), asindicated by 45 years of continuous
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Figure 14. Simulated chloride concentration of Hudson River, N.Y., at selected sites in reach from Turkey Point to
Haverstraw, in relation to hypothetical water-withdrawals at: A. Chelsea, based on high-flow (April 1-June 30,
1990) data. B. Newburgh and Chelsea, based on low-flow (July 1-August 31, 1990) data. C. Combined results
from (A) and (B) showing upriver movement of 100-mg/L chloride front as a function of withdrawals at Chelsea
during high and low discharges (25,200 and 7,150 cubic feet per second at Green Island). D. Bard Rock near
Hyde Park, based on low flow (August 9-31, 1991) discharges.
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Figure 15. Simulated chloride concentration of Hudson
River, N.Y., at selected sites between Hyde Park and
Newburgh, resulting from simulated 10-day flow increases of
1,000 and 5,000 cubic feet per second at Green Island,
August 9-31, 1991.

records collected at Green Island. Results (fig. 15)
indicate that an increase of 1,000 ft3/s could cause the
100-mg/L salt front to move 0.6 mi downstream from
its unstressed-condition location at RM 73.9; a 5,000-
ft3/s increase would move it 6.2 mi downstream.

Chloride Increases at West Point

The solute-transport model (BLTM), as
previously discussed, is driven in part by the chloride
concentration at the lower (southern) boundary.
Ideally the chloride concentration at the lower
boundary would be fairly constant (equivalent to
ocean salinity, typically 18,000 to 20,000 mg/L), and
the boundary would be far enough from withdrawal
points that its chloride concentration would be
unaffected by the withdrawals.

The reach used for simulation of increased
chloride concentration during August 9-31, 1991, was
the 46.9 mi reach from West Point (lower boundary)
north to Turkey Point. Chloride concentrations at West
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Figure 16. Chloride concentration in Hudson River, N.Y., at
selected sites between Rhinecliff and West Point resulting
from simulated chloride increases of 1,000 and 2,000
milligrams per liter at West Point, August 9-31, 1991.

Point were far less than 18,000 mg/L, and
concentrations above 3,100 mg/L were rare. The
simulated withdrawals at Newburgh caused some of
the profiles of chloride concentration in relation to
river mileto converge at West Point, indicating that the
withdrawal would affect the concentrations at West
Point. Because this type of withdrawal simulation
cannot alter the lower-boundary data, lower boundary
chloride concentrations were artificially increased at
West Point to simulate the effect of increased lower-
boundary salinity on the salt-front position north of
West Point. The test concentrations were 1,000 and
2,000 mg/L gresater than the measured chloride
concentrations, and the results (fig. 16) indicate that a
chloride increase of 1,000 mg/L could cause the
100-mg/L salt front to move 0.9 mi upstream from its
unstressed-condition location at RM 73.9, and a
2,000 mg/L increase could move it 1.5 mi upstream.
The effects of both increasesin concentration becomes
negligible just north of Rogers Point (RM 81.0).



SUMMARY AND CONCLUSIONS

New York City’s water-supply system may be
inadeguate to meet the current demand during periods
of drought. Use of thetidal part of the Hudson River is
being explored as a supplemental source of water
supply. One proposal entails withdrawal of Hudson
River water from locations near Newburgh, Chelsea,
or Kingston, but the extent to which this would cause
the salt front to advance to points where it could
adversely affect community water suppliesis
unknown. The U.S. Geological Survey (USGS), in
cooperation with the New York City Department of
Environmental Protection, New York State
Department of Environmental Conservation, and the
Hudson Valley Regional Council studied the effects of
hypothetical water withdrawals on the movement of
the salt front. To simulate effects of proposed
withdrawals on salt-front location, the USGS,

(1) compiled salt-front-related information from
previous studies and public utilities along the lower
Hudson River; (2) installed and operated tide-stage,
discharge, and water-quality stations at key locations;
(3) performed tidal-cycle discharge and salinity
measurements under a wide range of hydrologic
conditions; (4) used these data to calibrate and verify
models to simulate the forces that affect flow and
saltwater movement in the estuary; and (5) used the
USGS one-dimensional Branch-Network Dynamic
Flow model (BRANCH) in conjunction with the
USGS one-dimensional Branched Lagrangian Solute-
Transport Model (BLTM) to simulate the effect of
severa hypothetical water-withdrawals on the salt-
front location.

Under normal seasonal tide and inflow
conditions, the salt front and associated transition zone
ranges from below Hastings-on-Hudson (RM 21.5)
during high-flow periods in spring to New Hamburg
(RM 67.7) during low-flow periodsin late-summer, a
distance of about 50 mi. Data collected for this study
were used to derive regression equations to compute
(2) chloride concentrations from measured specific
conductance values, (2) chloride concentrations at
Chelsea Pump Station and Clinton Point from specific-
conductance values measured at West Point, (3) salt-
front location from specific conductance values
measured at West Point and Hastings-on-Hudson, and
(4) salt-front location from tide levels at West Point
and inflows at Green Island and five tributaries. Salt-
front locations that were predicted from daily mean
specific conductance at West Point had standard errors

of estimate of 1.5 mi for the 100-mg/L front, 1.0 mi
for the 250-mg/L front, and 1.1 mi for the 500-mg/L
front. An empirical relation for the 100-mg/L salt-
front location was al so obtained by regression analysis
in which chloride concentration was related to
maximum tide stage at West Point and daily mean
inflow from Green Island and five tributaries. The
average bias was +2.4 mi. For historical reference,
both methods were used to simulate the maximum
upstream salt movement during (1) the 1964 drought
and (2) three storms that produced some of the largest
and highest tides of this century; resultsindicate that
the salt front could have moved upstream asfar as RM
85 on November 20, 1964, when the chloride
concentration at Poughkeepsie was 342 mg/L.
Although lunar tides are usually the main factor in
sat-front movement on adaily basis, the extremely
low 6-month average flow of 3,230 ft%/s at Green
Island during the 1964 drought allowed greater-than-
normal upstream salt-front movement.

The Branch-Network Dynamic Flow model
(BRANCH) was used to simulate flow in the Hudson
River under awide range of inflow, tidal, and
meteorological conditions. A previous model of flow
between Albany and Clinton Point near New Hamburg
(Stedfast, 1982) was extended 8 mi upstream to Green
Island and 49 mi downstream to Hastings-on-Hudson
to encompass 133 mi of the lower Hudson River.
Green Idand flow was used in place of Albany stage as
the upstream boundary. Calibration included tributary
inflows and wind data in the model.

The reach upstream from Clinton Point has
fairly uniform channel geometry and nonsaline water,
whereas the reach downstream has nonuniform
channel geometry and variable salinity, depending
upon tidal movement. A variable flow-resistance
coefficient for the 14.1-mi reach between West Point
and Bowline Point at Haverstraw was used to adjust
model resultsfor the combination of abrupt changesin
channel width—from 10,000 ft to 2,000 ft between
Bowline Point at Haverstraw and West Point—and the
effects of variable water density. These coefficients
ranged from 0.0110 for a specific conductance of 1400
puS/cm or less at Bowline Point to 0.040 for a specific
conductance of about 9,000 uS/cm.

The BRANCH flow model was calibrated and
verified to 19 tidal-cycle discharge measurements
made at 11 locations with conventional and acoustic
Doppler current-profiler methods. Maxi mum measured
instantaneous tidal flow ranged from 20,000 ft%/s at
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Albany to 368,000 ft%/s at Tellers Point; Green Island
daily-mean flow ranged from 3,030 ft¥/s to 45,000 ft3/s
during these tidal flow measurements. Successive ebb-
and flood-flow volumes were measured and compared
with computed volumes; daily-mean bias was -1.6
percent (range from -21.0 to +23.7 percent; 13.5
percent mean absolute error). Daily-mean deviation
between simulated and measured stage at eight
locations (from Bowline Point to Albany) over the 19
tidal-cycle measurements averaged +0.06 ft (range
from -0.31 to +0.40 ft; 0.21 ft RMSE). These results
indicate that the model can accurately simulate flow in
the Hudson River under awide range of flow, tidal, and
meteorological conditions.

The effects of water density and wind velocity
on flow were tested through a sensitivity analysis.
Although the density term could be varied at each
Cross section, doing so gave only minimal
improvement in flow error. The use of variable
densities would have decreased the computational
error if the channel geometry of reaches with high
water density had been more uniform, but theirregular
widening of these reaches allows greater |ateral
mixing than longitudinal mixing; thus, atwo- or
three-dimensional model would be needed to
decrease the density-related error in simulated flow.

The Branched Lagrangian Solute-Transport
Model (BLTM) was used to simulate chloride
transport in the 61-mi reach from Turkey Point to
Bowline Point under two seasonal conditionsin
1990—one representing spring conditions of high
inflow and low salinity (April-June), and the other
representing typical summer conditions of low inflow
and high salinity (July-August). Daily chloride
oncentrations measured at Bowline Point were used to
drive the BLTM simulations; measured daily chloride
concentrations collected at West Point were used for
calibration. Mean bias in simulated chloride
concentration for the April-June 1990 data (observed
range of 12 to 201 mg/L; 30 mg/L RM SE) was
—16 mg/L. For the July-August 1990 data (observed
range of 31 to 2,000 mg/L; 535 mg/L RMSE), the
mean bias was +126 mg/L. The salt front or saltwater-
freshwater interface on the Hudson River was defined
as the furthest upstream location where the chloride
concentration exceeded 100 mg/L. The chloride
concentration at Clinton Point never exceeded
100 mg/L in 1990; therefore, solute transport between
West Point and Poughkeepsie was evaluated from
August 1991 data. The BLTM then was used to
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simulate chloride concentrations at Chelsea Pump
Station and Clinton Point. Regression equations, based
on daily mean values of specific conductance
measured at West Point, were used to obtain daily
mean chloride concentrations at Chelsea Pump Station
and Clinton Point for model analysis. Mean biasesin
BLTM-simulated daily mean chloride concentrations
for August 1991 were —38 mg/L at Chelsea Pump
Station (range of 189 to 551 mg/L; 103 mg/L RM SE)
and -9 mg/L at Clinton Point (range of 53 to

264 mg/L; 62 mg/L RMSE). The DQQ values
(dispersion coefficient) for the reaches above and
below West Point represent arange in dispersion from
35 to 250 m?/d (average 140 m?/d).

The BRANCH model was used to simulate
various combinations of withdrawals at Kingston,
Chelsea, and Newburgh to simulate their effect on the
travel of a conservative particle. The Chelsea Pump
Station at present is capable of withdrawing
100 Mgal/d from the Hudson River which could result
in upstream particle movement of 0.1 mi. Withdrawals
of (a) 300 Mgal/d at Chelsea or Newburgh,

(b) 100 Mgal/d at Chelseaand 200 Mgal/d at either
Kingston or Newburgh, and (c) 100 Mgal/d at
Kingston and 200 Mgal/d at Newburgh, were
simulated. Of the 300 Mgal/d scenarios evaluated, the
one resulting in the smallest movement of the salt
front in the reach below Poughkeepsie entailed
increasing the Chelsea Pump Station withdrawal from
100 to 300 Mgal/d—resulting in a 0.5 mi upstream
movement, and the scenario that would have the
smallest effect in the reach from Poughkeepsie
upstream to Turkey Point would be the withdrawal of
300 Mgal/d at Newburgh. Scenarios that included
withdrawals at Kingston had the greatest effect on salt-
front movement; a front starting near Poughkeepsie
could move upstream by 1.1 to 1.4 mi.

Withdrawals of 3,000 ft%s (1,939 Mgal/d) and
6,000 ft3/s (3,878 Mgal/d) at Chelsea Pump Station
were simulated with the BLTM model and high-flow
(April 1-June 30, 1990) data. Flows at Green Idland
during this period averaged 25,200 ft3/s and, therefore,
provided ideal conditions for evaluation of high-flow
“skimming”—Ilarge withdrawals under relatively high
freshwater flow conditions. A withdrawal of 3,000 ft%/
s could cause the 250-mg/L salt front to move 5 mi
upstream from its unstressed (non-pumping) condition
location at RM 49.7, and awithdrawal of 6,000 ft3/s
could cause it to move 16 mi upstream to a point close
to the Chelsea Pump Station.



A BLTM-simulated withdrawal of 5,000 ft%/s
(3,232 Mgal/d) at Chelsea Pump Station during alow-
flow period (July 1-August 31, 1990) when flow at
Green Island averaged 7,150 ft%s, caused the 250-mg/
L salt front to move 10 mi upstream from its
unstressed-condition location at RM 56.4. The same
withdrawal rate at Newburgh caused it to move 3.5 mi
upstream; the effect of both withdrawals became
negligible at the Poughkeepsie Water-Treatment Plant.
If withdrawals were increased or, more likely, if flow
at Green Island were to decrease, the salt front could
move upstream beyond Poughkeepsie.

The effect of a 100-Mgal/d withdrawal rate at
either Chelsea Pump Station or Newburgh was
extrapolated from simulations of larger withdrawals
because 100 Mgal/d (155 t3/s) represents less than
one-half of 1 percent of the measured tidal flow
volume occurring in the lower Hudson River near
Chelsea Pump Station. For example, a constant
withdrawal of 155 ft3/s at a cross section at Newburgh
onAugust 22, 1989, would represent only 0.12 percent
of the measured floodflow volume. The flow model
was calibrated to discharge measurements that carry
an uncertainty at least of +5 percent. Running the
model with the 100-Mgal/d withdrawal is possible but
running the model with a series of larger withdrawals
(which are computationally more significant) and
extrapolating to the 100-Mgal/d withdrawal provides
greater reliability.

The effects of a 100-Mgal/d withdrawal at the
Chelsea Pump Station were investigated through
simulations for two different Green Island flow
regimes that, together, encompass the range of inflow
conditionsto which BLTM was calibrated. Simulated
continuous withdrawals of 100 Mgal/d at Chelsea
Pump Station at low flow (July 1-August 31, 1990,
when Green Island flows averaged 7,150 ft¥/s),
resulted in an upstream movement of the salt front of
less than 0.1 mi, as did the same withdrawals at high
flow (April 1-June 30, 1990, when Green Island flows
averaged 25,200 ft3/s). The BLTM estimates closely
match the conservative-particle-tracking resultsfor the
effect of a continuous withdrawal of 100-Mgal/d at
Chelsea on the position of aconservative particle after
26 days during low-flow conditions (July 18-August
13, 1990, during which Green Island flows averaged
7,100 ft%s). The 100-Mgal/d withdrawal at Chelsea
Pump Station could move the particles about 0.1 mi
upstream of the unstressed-condition location, given
an initial salt-front location at, or downstream from

Chelsea. Withdrawals of 300 Mgal/d from any
combination of Chelsea or Newburgh could result in
upstream movement of the salt front of as much as
1.0 mi, given aninitial salt-front location between
West Point and Rogers Point.

In summary, the BRANCH model can be used
to simulate flow in the Hudson River under awide
range of inflow, tidal, and meteorological conditions.
The BLTM model can be used to estimate solute
transport when only one representative mean
concentration per cross section is required, and when
the salt front is within the calibrated reach—in this
case between Turkey Point and Bowline Point.

Future use of the models described in this report
could be improved by altering the model to
accommodate (1) variable water-density conditions
through adjustment of the flow-resistance coefficient
in all reaches, rather than just the reach between West
Point and Bowline Point, (2) input of more than one
source of wind-velocity data and at a greater
frequency, and (3) selection of DQQ as a function of
river flow and initial water density. Simulation of
cross-sectional mixing for reaches with irregular
widths could be improved by using two- or three-
dimensional transport models.
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GLOSSARY

Terms that are set in bold within the text are discussed here. Other technical terms common to the field of

Continuity equation.—The continuity equation isbased on

Newton’sfirst law (conservation of mass), which states
that matter can neither be created or destroyed; this
means that, assuming no change in storage, the rate at
which a given massis flowing into a given space
(control volume) is equal to the rate at which the
equivalent massis flowing out. The continuity
equation, in its simplest form, iswritten as

Q=Q

or

AlU1 = AU,
where

46

Qisdischarge (flow rate), in units of volume per time;
Alis cross-sectional area, in units of length squared;

U isvelocity, in units of distance per time; and
subscripts 1 and 2 represent the upstream and
downstream ends of the reach, respectively. Further
discussion of the continuity equation and conservation
of mass are given in Roberson and Crowe, 1980;
Chow, 1959; Mahmood and Yevjevich, 1975; and most
introductory texts on open-channel flow.

Salt-Front Movement in the Hudson River Estuary, New York

Datum.—A point, line or surface used as areference, asin

surveying, mapping, or geology (American Heritage
Dictionary, 1982). Most USGS gages are referenced to
aparticular datum that is defined in each station
description. All stage data in this report have been
referenced to sealevel (National Geodetic Vertical
Datum of 1929 [NGVD of 1929]). See also “Hudson
River Datums’ and “NGVD of 1929".

Diffusion-wave model.—See “Flow conditions”
Dimensions.—Throughout thisreport, the three dimensions

of the river are described as longitudinal, meaning
length from upstream to downstream, horizontal,
meaning width from side to side, and vertical meaning
depth from surface to bottom. A one-dimensional
system, as described herein, refers only to changesin
the longitudinal direction. A two-dimensional system
can be either vertically averaged and can describe
longitudinal and horizontal changes, or it can be
horizontally averaged and describe longitudinal and
vertical changes.



A three-dimensional system describes longitudinal,
vertical, and horizontal changes.

Dischar ge (Q).— Volume of water that passes through a
cross section of channel within a given period of time.

Dispersion and DQQ.— The redistribution of particles by
the combined effects of shear (advection of fluid at
different velocity and direction at different positions)
and transverse diffusion (the scattering of particles by
molecular and turbulent [eddy] motion).

Dynamic equation.—The dynamic equation is based on
Newton’s second law, conservation of momentum (or
energy), which states that the summation of all external
forces on a system is equal to the rate of change of
momentum. External forces can bein the form of
gravity, pressure, or friction. Further discussion of the
dynamic equation and conservation of momentum can
be found in Roberson and Crowe, 1980; Chow, 1959;
Mahmood and Yevjevich, 1975; and most introductory
texts on open-channel flow. See aso “Flow conditions.”

Eulerian-based M odel.— Model based on a Eulerian
approach, which is premised on Eulerian concepts and
afixed-coordinates system. Eulerian equations are a
form of eguation of motion based on Eulerian
concepts, in which afixed corrdinate system is used,
and tangential and normal stresses accompanying
deformation are ignored.

Finite Difference—Finite-difference approximation is the
representation of differential forms of equations
(continuum) by corresponding finite-difference forms
(discrete quantities). Finite-difference equations are
derived by substituting difference quotients for
derivativesin differential equations. The finite-
difference method is an approximation method in
which finite-difference expressions are substituted for
differential equations to effect a solution.

Flow conditions.—Uniform flow means that the depth,
width, and velocity are the same at every section of the
channel. Thisis often stated as the assumption that the
channel is prismatic. Steady flow means the velocity
does not change with time at a point in the stream.
Unsteady flow means that the velocity changes over
time at a point in the stream. With fully dynamic flow,
neither uniform nor steady assumptions can be made.
Uniform flow can be modeled through the use of
diffusion-wave simplification of the dynamic equation,
which assumes that the effect from convective
acceleration (or the increasein rate of flow caused by
gravity) is negligible. Steady and uniform flow can be
modeled with the kinetic wave simplification of the
dynamic equation, which assumes that both convective
acceleration and pressure effects (or effects from
atmosphere or overlying water) are
negligible—because flow is steady, pressure effects
essentially cancel out. Fully dynamic flow must usethe
complete (fully) dynamic equation. Further discussion

of these assumptions are given in Roberson and Crowe,
1980; Chow, 1959; Mahmood and Yevjevich, 1975;
and most introductory texts on open-channel flow.

Fully dynamic flow.—See “Flow conditions’

Horizontally averaged.—See “Dimensions’

Hudson River Datums—Severa datums are used for
hydrographic datain the Hudson River. In this report
depths are referenced to National Geodetic Vertical
Datum of 1929. Mean Low Water (MLW) refersto
datums adopted by the National Ocean Service of the
National Oceanic and Aeronautics Administration.
Depths referenced to MLW are shown on topographic
maps. In the past, Hudson River Datum refered to a
datum used on hydrographic survey sheets for points
downstream from Ossining (fig. 2). These datums are
not static; they change with location in the river and
with time and are updated every 19 years. More
information on Hudson River datums can be obtained
from the National Ocean Service, Tidal Datum Section
(Milton Rutstein, National Ocean Service, written
commun., 1989)

Kinetic wave model.—See “Flow conditions’

Longitudinal direction.—See “Dimensions”

Mean Low Water datum.—See “Hudson River Datums”

Mean Sea L evel.—See "National Geodetic Vertical Datum
of 1929"

M gal/d.—Million gallons per day--A measure of discharge
which approximately equal's 1.55 ft3/s (cubic feet per
second). (See a'so conversion table at the beginning of
this report.)

National Geodetic Vertical Datum of 1929.—NGVD of
1929--a geodetic datum derived from a general
adjustment of the first-order level nets of both the
United States and Canada, formerly caled “Mean Sea
Level of 1929.” In thisreport al elevations are
referenced to NGVD of 1929. Unless otherwise noted,
negative elevations are feet below NGVD of 1929.

Negative flow.—In this report, negative flow isflow in the
upstream direction. (See also "Positive flow".)

One-dimensional model.—See "Dimensions’

Per cent exceedance.—Percent exceedance means that 80,
50, or 20 percent of all daily mean flows for that day
have been greater than the the value shown.

Positive flow.—In this report, positive flow is flow in the
downstream direction. (See also "Negative flow".)

River Mile (RM).—River mileisthe distance, in miles,
above the mouth of ariver, determined from aline
along the thalweg of theriver. River milesin the
Hudson River are miles above the Battery in New York
City. (Seedso "Thaweg.")

Salt front.—The salt front is the saltwater/freshwater
interface, defined in this study as the furthest
upstream location where the chloride concentration
exceeds 100 mg/L (milligrams per liter) at some point
in the cross section.
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Specific conductance— A measure of the ability of a
solution to conduct an electrical current over a 1-
centimeter distance and adjusted to 25 degrees Celsius.
Specific conductance is equivalent to the reciprocal of
the resistance of the solution and is expressed in
microsiemens per centimeter. Specific conductanceis
directly proportional to the chloride concentration and
thus the salinity of the Hudson River.

Stage.— See “Water-surface elevation”

Steady-flow conditions.—Flow in which depth (and
velocity) of flow in a given cross-section is constant
with respect to time. (See also “Flow conditions”.)

Thalweg.—The deepest location in a cross section. River
miles are generally measured a ong the line following
the thalweg of ariver.

Three dimensional.—See "Dimensions’

Tide—Periodic variation in the water surface level of
oceans, gulfs, bays, inlets, and tidal reaches of rivers,
caused by the gravitational attraction of the sun and
moon, the lunar effect being the more powerful.
Varioustidal termsfollow: (1) diurnal tide—atide
having a period of 24.84 hoursyielding one high water
and one low water each lunar day, (2) semi-diurnal
tide— atide having a period of 12.42 hoursyielding
two nearly equal high waters and low watersin alunar
day, (3) mixed tide—atide having both semidiurnal
and diurnal components producing succeeding high
waters that are appreciably different, (4) spring
tide—tide of maximum range for a semidiurnal tide,
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occurring semimonthly usually 1 to 2 days after new
and full moon, depending on geographic conditions,
(5) neap tide—tide of minimum range for a
semidiurnal tide; occurring semimonthly, usually 1to 2
days after the moon isin quadrature, depending on
geographic conditions, (6) slack tide—time interval of
tidal flow during which the velocity is zero or nearly
zero; in general, it isthe transition period between
flooding and ebbing or vice versa, (7) tide range—
difference in height between consecutive high and low
water levels.

Tidal stage—Stage asit is affected by tide. (See “Tide”
and “Water-surface elevation”.)

Transition zone—The transition zone of an estuary isthe
areathat can vary from water that ranges from salty to
fresh throughout a year, depending on the conditions.
The transition zone of the Hudson River extends from
approximately Hastings-on-Hudson to New
Hamburg, N.Y.

Two dimensional.—See "Dimensions’

Uniform flow conditions—See "Flow conditions®

Unsteady-flow conditions— Flow in which depth (and
velocity) of flow in agiven cross section varies with
time. Unsteady flow can be alternating (flow direction
can change) or unidirectional (flow isawaysin
downstream direction).

Vertically averaged.— See “Dimensions’

Water-surface elevation.— The height (elevation) of the
water surface above an established datum plane.
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Appendix I. Cross-sectional geometry data used in BRANCH flow model of the Hudson River between Green Island
and Hastings-on-Hudson, N.Y.

[Stage values are in feet above (+) or below (-) sealevel. USGS, US Geological Survey; ft2, square feet; ft, feet]

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft3) (ft) cross section Stage (t?) (ft)
01358000 -14 187 75 10000104 -10 8,129 520
-10 587 88 -8 9,265 573
-8 785 94 -6 10,423 582
-6 977 96 -4 11,593 587
-4 1,173 99 -2 12,773 592
-2 1,373 103 0 13,969 601
-1 1,504 134 2 15,173 610
0 2,464 980 4 16,405 625
2 4,508 1,070 6 17,671 644
4 6,648 1,072 8 18,975 661
6 8,798 1,075 10 20,315 679
8 10,954 1,079 20 27,015 769
10 13,114 1,082
20 23,806 1,097
10000105 -10 9,197 900
-8 11,021 920
10000102 -10 4,005 460 -6 12,941 976
-9 4,479 4380 -4 14,921 1,013
-8 4,924 525 -2 16,997 1,055
-6 5,978 560 0 19,129 1,078
-4 7,130 598 2 21,309 1,100
-3 7,740 621 4 23,539 1,130
-2 8,380 640 6 25,831 1,163
0 9,666 648 8 28,191 1,196
2 10,970 655 10 30,683 1,230
4 12,296 668 20 43,143 1,400
6 13,642 680
8 15,016 693
10 16,416 705 01359139 -10 9,200 900
20 23,806 765 -8 11,000 920
-6 12,900 980
-4 14,900 1,010
10000103 -10 3,526 510 -2 17,000 1,060
-8 4,556 520 0 19,100 1,080
-7 5,076 525 2 21,300 1,100
-6 5,631 557 4 23,500 1,130
-4 6,774 575 6 25,800 1,170
-2 7,934 586 8 28,200 1,200
0 9,118 595 10 30,600 1,230
2 10,318 605 20 42,600 1,380
4 11,544 618
6 12,798 632 01359139 -10 9,200 900
8 14,078 646 -8 11,000 920
10 15,388 659 -6 12,900 980
20 21,938 724 -4 14,900 1,010
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft3) (ft)
-2 17,000 1,060 20000501 -5 0 0
0 19,100 1,080 0 5,200 1,200
2 21,300 1,100 2 9,200 1,600
4 23,500 1,130 10 30,000 2,400
6 25,800 1,170
8 28,200 1,200 20000601 -10 1,600 600
10 30,600 1,230 0 20,000 2,000
20 42,600 1,380 2 24,800 2,400
10 50,000 3,200
1000020l -10 19,600 980
-8 21,600 980 10000401 -10 14,100 860
-6 23,500 980 -8 15,900 980
-4 25,500 990 -6 18,100 1,160
-2 27,500 990 -4 20,400 1,170
0 29,500 1,000 -2 22,800 1,180
2 31,500 1,000 0 25,100 1,190
4 33,500 1,010 2 27,500 1,200
6 35,500 1,010 4 29,900 1,220
8 37,500 1,020 6 32,400 1,250
10 39,600 1,030 8 34,900 1,280
10 37,900 1,700
10000301 -10 14,200 750
-8 15,700 770 10000701 -10 15,800 730
-6 17,400 830 -8 17,300 770
-4 19,000 840 -6 18,900 890
-2 20,700 850 -4 20,800 990
0 22,400 860 -2 22,900 1,170
2 24,100 870 0 25,500 1,410
4 25,900 900 2 28,400 1,460
6 27,700 930 4 31,400 1,530
8 29,600 970 6 34,500 1,620
10 31,600 1,000 8 37,800 1,700
10 41,700 2,150
10000401 -10 14,100 860 10000801 -10 18,400 930
-8 15,900 980 -8 20,300 950
-6 18,100 1,160 -6 22,200 980
-4 20,400 1,170 -4 124,200 50
-2 22,800 1,180 -2 126,400 120
0 25,100 1,190 0 128,700 160
2 27,500 1,200 2 131,000 180
4 29,900 1,220 4 133,400 230
6 32,400 1,250 6 135,900 290
8 34,900 1,280 8 138,500 350
10 37,900 1,700 10 141,600 720
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
10000901 -10 25,600 1390 0 39,900 1,990
-8 28,400 1440 2 43,900 2,080
-6 31,600 1700 4 48,200 2,160
-4 35,300 1880 6 52,600 2,250
-2 39,100 1910 8 56,700 2,330
0 43,200 2160 10 62,700 2,770
2 47,600 2230
4 52,200 2310 10001301 -10 31,700 1,580
6 57,100 2570 -8 34,900 1,680
8 62,200 2570 -6 38,400 1,790
10 67,400 2580 -4 42,100 1,930
-2 46,000 2,020
20001001 -10 0 0 0 50,300 2,090
-2 600 450 2 54,400 2,150
0 3,300 1,200 4 58,800 2,220
2 6,000 1,500 6 63,300 2,280
4 10,800 2,100 8 67,400 2,340
6 21,000 4,800 10 74,200 3,150
8 33,000 5,400
10 45,000 6,000 20001401 -3 2,000 1,000
0 6,000 2,000
20001101 -10 2,200 500 10 26,000 2,000
-2 12,600 1,500
0 15,000 1,800 20001501 -6 1,600 1,600
2 20,000 2,100 -2 10,000 2,400
4 24,000 2,500 0 20,000 4,000
6 32,000 3,000 10 70,000 6,000
8 37,000 3,600
10 45,000 3,900 10001301 -10 31,700 1,580
-8 34,900 1,680
10000901 -10 25,600 1,390 -6 38,400 1,790
-8 28,400 1,440 -4 42,100 1,930
-6 31,600 1,700 -2 46,000 2,020
-4 35,300 1,880 0 50,300 2,090
-2 39,100 1,910 2 54,400 2,150
0 43,200 2,160 4 58,800 2,220
2 47,600 2,230 6 63,300 2,280
4 52,200 2,310 8 67,400 2,340
6 57,100 2,570 10 74,200 3,150
8 62,200 2,570
10 67,400 2,580 10001601 -10 35,300 2,620
-8 40,600 2,700
10001201 -10 22,800 1,440 -6 46,100 2,780
-8 25,700 1,480 -4 51,800 2,900
-6 28,800 1,600 -2 57,700 3,010
-4 32,200 1,820 0 63,700 3,030
-2 36,000 1,910 2 69,800 3,040
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft3) (ft)

4 75,900 3,060 0 56,000 2,030

6 82,000 3,080 2 60,100 2,070

8 88,200 3,090 4 64,300 2,110

10 94,400 3,110 6 68,600 2,160

8 73,900 3,220

10001701 -10 25,000 970 10 81,400 4,270
-8 27,100 1,170

-6 29,700 1,610 10002101 -10 41,200 2,120

-4 33,700 2,300 -8 45,500 2,190

-2 39,300 3,000 -6 50,000 2,340

0 45,500 3,250 -4 54,900 2,760

2 52,100 3,270 -2 61,300 3,690

4 58,600 3,280 0 69,000 3,860

6 65,200 3,290 2 76,800 3,880

8 71,800 3,310 4 84,600 3,900

10 78,400 3,320 6 92,400 3,920

8 100,000 3,940

01361450 -10 38,000 1,610 10 108,000 3,950
-8 41,200 1,670

-6 44,700 1,740 01362187 -10 39,000 2,110

-4 48,200 1,820 -8 43,300 2,170

-2 52,000 1,970 -6 47,700 2,240

0 56,000 2,030 -4 52,300 2,360

2 60,100 2,070 -2 57,400 2,840

4 64,300 2,110 0 63,900 3,340

6 68,600 2,160 2 70,600 3,370

8 73,900 3,220 4 77,400 3,400

10 81,400 4,270 6 84,200 3,410

8 91,000 3,430

20001901 -10 500 200 10 97,900 3,450
-2 1,800 300

0 3,000 800 20002301 -10 500 200

2 5,300 1,100 -2 1,800 300

10 15,000 1,200 0 3,000 800

2 5,300 1,100

20002001 -10 1,000 400 10 15,000 1,200
-2 3,300 500

0 5,100 1,000 20002401 -10 1,000 400

2 8,000 1,500 -2 3,300 500

10 20,200 1,600 0 5,100 1,000

2 8,000 1,500

10 20,200 1,600
01361450 -10 38,000 1,610

-8 41,200 1,670 01362187 -10 39,000 2,110

-6 44,700 1,740 -8 43,300 2,170

-4 48,200 1,820 -6 47,700 2,240

-2 52,000 1,970 -4 52,300 2,360
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
-2 57,400 2,840 -4 76,700 3,380
0 63,900 3,340 -2 83,500 3,470
2 70,600 3,370 0 90,500 3,530
4 77,400 3,400 2 97,600 3,550
6 84,200 3,410 4 105,000 3,570
8 91,000 3,430 6 112,000 3,640
10 97,900 3,450 8 119,000 3,730
10 127,000 3,800
10002501 -10 43,300 2,200
-8 47,700 2,250 10002701 -10 65,000 2,790
-6 52,300 2,300 -8 70,700 2,880
-4 57,100 2,850 -6 76,600 3,030
-2 63,700 3,520 -4 83,500 3,890
0 71,400 4,320 -2 91,400 3,970
2 80,400 4,340 0 99,300 3,980
4 89,600 4,360 2 107,000 3,990
6 98,800 4,380 4 115,000 4,010
8 108,000 4,400 6 123,000 4,050
10 118,000 4,420 8 132,000 4,090
10 140,000 4,130
10002501 -10 43,300 2,200
-8 47,700 2,250 01372009 -10 72,400 2,600
-6 52,300 2,300 -8 78,000 2,930
-4 57,100 2,850 -6 84,200 3,270
-2 63,700 3,520 -4 91,000 3,610
0 71,400 4,320 -2 98,600 3,960
2 80,400 4,340 0 107,000 4,300
4 89,600 4,360 2 116,000 4,400
6 98,800 4,380 4 124,000 4,440
8 108,000 4,400 6 133,000 4,480
10 118,000 4,420 8 142,000 4,520
10 152,000 4,980
01364832 -10 57,291 3,117
-8 63,557 3,149 01372009 -10 72,400 2,600
-6 69,897 3,190 -8 78,000 2,930
-4 76,453 3,358 -6 84,200 3,270
-2 83,173 3,362 -4 91,000 3,610
0 89,900 3,365 -2 98,600 3,960
2 96,633 3,368 0 107,000 4,300
4 3,382 3,390 2 116,000 4,400
6 10,202 3,430 4 124,000 4,440
8 17,102 3,470 6 133,000 4,480
10 24,082 3,510 8 142,000 4,520
10 152,000 4,980
01364840 -10 57,200 3,140
-8 63,500 3,190 0137200910 -10 65,000 2,790
-6 70,000 3,280 -8 70,700 2,880
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft?) ()

-6 76,600 3,030 0137204020 -10 88,500 2,380

-4 83,500 3,890 -8 93,200 2,400

-2 91,400 3,970 -6 98,100 2,430

0 99,300 3,980 -4 103,000 2,460

2 107,000 3,990 -2 108,000 2,490

4 115,000 4,010 0 113,000 2,500

6 123,000 4,050 2 118,000 2,510

8 132,000 4,090 4 123,000 2,520

10 140,000 4,130 6 128,000 2,540

8 133,000 2,560

10002901 -10 90,000 2,220 10 138,000 2,570
-8 94,400 2,240

-6 99,000 2,290 10003201 -10 99,200 1,690

-4 104,000 2,990 -8 103,000 1,700

-2 111,000 3,840 -6 106,000 1,730

0 120,000 4,910 -4 110,000 1,760

2 131,000 6,150 -2 113,000 1,770

4 144,000 6,180 0 117,000 1,780

6 156,000 6,220 2 120,000 1,790

8 169,000 6,260 4 124,000 1,800

10 181,000 6,300 6 128,000 1,810

8 131,000 1,820

10003001 -10 85,300 2,670 10 135,000 1,830
-8 90,700 2,680

-6 96,000 2,690 10003301 -10 102,000 2,420

-4 101,000 2,710 -8 107,000 2,460

-2 107,000 2,720 -6 111,000 2,510

0 112,000 2,730 -4 117,000 2,540

2 118,000 2,760 -2 122,000 2,600

4 123,000 2,780 0 127,000 2,620

6 129,000 2,810 2 132,000 2,640

8 135,000 2,840 4 137,000 2,650

10 140,000 2,860 6 143,000 2,660

8 148,000 2,670

0137204020 -10 88,500 2,380 10 153,000 2,680
-8 93,200 2,400

-6 98,100 2,430 01372055 -10 109,000 2,540

-4 103,000 2,460 -8 115,000 2,550

-2 108,000 2,490 -6 120,000 2,570

0 113,000 2,500 -4 125,000 2,580

2 118,000 2,510 -2 130,000 2,590

4 123,000 2,520 0 135,000 2,630

6 128,000 2,540 2 140,000 2,650

8 133,000 2,560 4 146,000 2,660

10 138,000 2,570 6 151,000 2,670
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
8 156,000 2,690 4 138,000 2,510
10 162,000 2,700 6 143,000 2,520
8 148,000 2,540
01372055 -10 109,000 2,540 10 153,000 2,550
-8 115,000 2,550
-6 120,000 2,570 10000162 -20 76,384 4,200
-4 125,000 2,580 -15 97,684 4,320
-2 130,000 2,590 -10 119,634 4,460
0 135,000 2,630 -8 128,574 4,480
2 140,000 2,650 -6 137,570 4,515
4 146,000 2,660 -4 146,606 4,520
6 151,000 2,670 -2 155,652 4,525
8 156,000 2,690 0 164,707 4,530
10 162,000 2,700 2 173,782 4,545
4 182,887 4,560
10003501 -10 102,000 2,390 6 192,027 4,580
-8 107,000 2,400 8 201,207 4,600
-6 112,000 2,430 10 210,422 4,615
-4 116,000 2,460 15 233,609 4,660
-2 121,000 2,480 20 257,010 4,700
0 126,000 2,510
2 131,000 2,540 10000163 -20 93,253 2,210
4 137,000 2,550 -15 104,328 2,220
6 142,000 2,570 -10 115,453 2,230
8 147,000 2,580 -8 119,921 2,238
10 152,000 2,600 -6 124,405 2,246
-4 128,905 2,254
01372059 -10 105,000 2,230 -2 133,421 2,262
-8 109,000 2,240 0 137,953 2,270
-6 114,000 2,260 2 142,498 2,275
-4 118,000 2,280 4 147,092 2,319
-2 123,000 2,440 6 151,774 2,363
0 128,000 2,460 8 156,544 2,407
2 133,000 2,490 10 161,401 2,450
4 138,000 2,510 15 174,351 2,730
6 143,000 2,520 20 188,701 3,010
8 148,000 2,540
10 153,000 2,550 01372500 -20 89,400 2,950
-15 104,445 3,068
01372059 -12 101,000 2,220 -10 120,085 3,188
-10 105,000 2,230 -8 126,508 3,235
-8 109,000 2,240 -6 133,014 3,271
-6 114,000 2,260 -4 139,565 3,280
-4 118,000 2,280 -2 146,135 3,290
-2 123,000 2,440 0 152,735 3,300
0 128,000 2,440 2 159,346 3,311
2 133,000 2,490 4 165,980 3,323
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft?) ()
6 172,637 3,334 6 173,854 4,368
8 179,316 3,345 8 182,594 4,375
10 186,019 3,658 10 191,334 4,382
15 204,644 3,792 15 213,474 4,876
20 223,936 3,925
01372575 -15 83,488 4,183
01372500 -20 89,400 2,950 -10 104,634 4,250
-15 104,445 3,068 -8 113,234 4,269
-10 120,085 3,188 -6 121,834 4,288
-8 126,508 3,235 -4 130,434 4,308
-6 133,014 3,271 -2 139,034 4,328
-4 139,565 3,280 0 147,634 4,347
-2 146,135 3,290 2 156,374 4,354
0 152,735 3,300 4 165,114 4,361
2 159,346 3,311 6 173,854 4,368
4 165,980 3,323 8 182,594 4,375
6 172,637 3,334 10 191,334 4,382
8 179,316 3,345 15 213,474 4,876
10 186,019 3,658
15 204,644 3,792 10000183 -20 55,533 4,383
20 223,936 3,925 -15 77,948 4,583
-10 101,083 4,691
10000172 -20 69,167 3,375 -8 110,535 4,760
-15 86,780 3,660 -6 120,115 4,820
-10 105,354 3,770 -4 130,003 5,075
-8 112,990 3,865 -2 140,471 5,389
-6 120,814 3,960 -1 146,784 7,238
-4 128,830 4,055 0 154,030 7,254
-2 137,944 5,060 2 168,618 7,335
0 148,094 5,090 4 183,314 7,362
2 158,280 5,095 6 198,066 7,390
4 168,470 5,096 8 212,874 7,418
6 178,664 5,097 10 227,738 7,445
8 188,858 5,098 15 265,428 7,632
10 199,056 5,100 20 304,058 7,820
15 224,644 5,135
20 250,406 5,170 10000184 -20 63,833 4,225
-15 89,858 4,440
01372575 -15 83,488 4,183 -10 108,380 4,820
-10 104,634 4,250 -8 118,120 4,920
-8 113,234 4,269 -6 128,170 5,130
-6 121,834 4,288 -4 139,100 5,800
-4 130,434 4,308 -2 152,650 7,750
-2 139,034 4,328 0 168,850 8,450
0 147,634 4,347 2 185,830 8,530
2 156,374 4,354 4 202,940 8,580
4 165,114 4,361 6 220,150 8,630
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
8 237,460 8,680 6 150,587 2,677
10 254,870 8,730 8 156,216 2,682
15 298,646 8,780 10 161,586 2,688
20 342,670 8,830 15 175,041 2,694
20 188,526 2,700
10000184 -20 63,833 4,225
-15 89,858 4,440 10000202 -20 89,440 2,041
-10 108,380 4,820 -15 99,688 2,060
-8 118,120 4,920 -10 109,995 2,063
-6 128,170 5,130 -8 114,124 2,066
-4 139,100 5,800 -6 118,260 2,070
-2 152,650 7,750 -4 122,404 2,074
0 168,850 8,450 -2 126,555 2,077
2 185,830 8,530 0 130,712 2,080
4 202,940 8,580 1 132,792 2,080
6 220,150 8,630 4 139,160 2,165
8 237,460 8,680 6 143,542 2,218
10 254,870 8,730 8 148,072 2,272
15 298,646 8,780 10 152,670 2,325
20 342,670 8,830 15 164,362 2,452
20 176,942 2,580
10000193 -20 84,987 2,117
-14 98,493 2,386 10000203 -20 80,200 2,110
-10 108,493 2,615 -15 90,925 2,180
-8 113,733 2,625 -10 102,000 2,250
-6 118,990 2,632 -8 106,528 2,278
-4 124,262 2,640 -6 111,113 2,307
-2 129,550 2,648 -4 115,755 2,335
0 134,853 2,655 -2 120,453 2,363
2 140,173 2,665 -1 123,435 3,600
4 145,509 2,671 0 127,113 3,755
6 150,587 2,677 2 134,653 3,785
8 156,216 2,682 4 142,239 3,801
10 161,586 2,688 6 149,858 3,818
15 175,041 2,694 8 157,510 3,834
20 188,526 2,700 10 165,194 3,850
15 184,564 3,898
10000193 -20 84,987 2,117 20 204,172 3,945
-14 98,493 2,386
-10 108,493 2,615 10000203 -20 80,200 2,110
-8 113,733 2,625 -15 90,925 2,180
-6 118,990 2,632 -10 102,000 2,250
-4 124,262 2,640 -8 106,528 2,278
-2 129,550 2,648 -6 111,113 2,307
0 134,853 2,655 -4 115,755 2,335
2 140,173 2,665 -2 120,453 2,363
4 145,509 2,671 -1 123,435 3,600
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel
station or area width

cross section Stage (ft9) (ft)

0 127,113 3,755

2 134,653 3,785

4 142,239 3,801

6 149,858 3,818

8 157,510 3,834

10 165,194 3,850

15 184,564 3,898

20 204,172 3,945

10000204 -14 104,771 2,021

-12 108,836 2,045

-10 112,951 2,070

-8 117,115 2,096

-6 121,340 2,130

-4 125,637 2,167

-2 130,009 2,205

0 134,458 2,243

2 138,981 2,280

4 143,578 2,316

6 148,246 2,352

8 153,183 2,584

10 158,579 2,810

12 164,222 2,833

14 169,911 2,856

16 175,645 2,878

18 181,424 2,901

10000213 -20 151,400 1,535

-15 159,150 1,565

-10 167,050 1,595

-8 170,255 1,610

-6 173,513 1,648

-4 176,813 1,652

-2 180,121 1,656

0 183,437 1,660

2 186,803 1,706

4 190,260 1,751

6 193,808 1,797

8 197,448 1,843

10 201,179 1,888

15 210,734 1,934

20 220,519 1,980

10000214 -14 162,422 1,828

-12 166,096 1,847

-10 169,808 1,865

-8 173,557 1,884

USGS Channel Channel
station or area width

cross section Stage (ft?) (ft)

-6 177,360 1,919

-4 181,316 2,050

-2 185,638 2,248

0 190,287 2,365

2 195,055 2,401

4 199,877 2,418

6 204,728 2,432

8 209,710 2,553

10 214,948 2,688

12 220,366 2,729

14 225,866 2,771

16 231,449 2,812

18 237,115 2,854

10000215 -14 162,235 1,612

-12 165,481 1,634

-10 168,766 1,650

-8 172,085 1,676

-6 175,497 1,743

-4 179,085 1,845

-2 182,879 1,952

0 186,899 2,072

2 191,139 2,160

4 195,507 2,201

6 199,940 2,232

8 204,558 2,383

10 209,467 2,523

12 214,523 2,532

14 219,597 2,542

16 224,690 2,551

18 229,802 2,561

01374019 -20 84,512 2,005

-15 94,587 2,030

-10 104,762 2,045

-8 108,852 2,050

-6 112,962 2,060

-4 117,092 2,070

-2 121,242 2,080

0 125,462 2,100

2 129,677 2,110

4 133,877 2,112

6 138,107 2,115

8 142,348 2,118

10 146,588 2,120

15 157,512 2,255

20 168,962 2,390
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
-1 144,881 2,007
01374019 -20 84,512 2,005 0 146,889 2,010
-15 94,587 2,030 2 150,924 2,025
-10 104,762 2,045 4 154,988 2,040
-8 108,852 2,050 5 157,032 2,047
-6 112,962 2,060 6 159,083 2,055
-4 117,092 2,070 7 161,141 2,062
-2 121,242 2,080 8 163,208 2,070
0 125,462 2,100 9 165,281 2,077
2 129,677 2,110 10 167,363 2,085
4 133,877 2,112 20 186,800 2,160
6 138,107 2,115
8 142,348 2,118 10000215 -15 104,829 2,256
10 146,588 2,120 -13 109,370 2,285
15 157,512 2,255 -11 113,956 2,301
20 168,962 2,390 -9 118,579 2,326
-7 123,278 2,373
0137402390 -15 105,654 1,414 -5 128,062 2,401
-13 108,491 1,423 -4 130,465 2,404
-11 111,346 1431 -3 132,871 2,408
-9 114,216 1,439 -2 135,281 2,412
-7 117,105 1,449 -1 137,695 2,416
-5 120,014 1,460 0 140,114 2,420
-4 121,484 1,481 2 144,977 2,443
-3 122,966 1,484 4 149,886 2,466
-2 124,453 1,488 5 152,357 2,478
-1 125,943 1,492 6 154,841 2,489
0 127,437 1,496 7 157,335 2,501
2 130,438 1,507 8 159,842 2,512
4 133,466 1521 9 162,359 2,524
5 134,990 1,527 10 164,889 2,535
6 136,521 1534 20 189,000 2,642
7 138,058 1,541
8 139,603 1,548 10000216 -15 121,349 3,911
9 141,154 1,555 -13 129,201 3,943
10 142,712 1,562 -11 137,120 3,974
20 158,200 1,625 -9 145,093 3,999
-7 153,221 4,205
10000214 -15 117,875 1,850 -6 157,621 4,399
-13 121,586 1,861 -5 162,073 4,505
-11 125,324 1,877 -4 166,602 4,553
-9 129,096 1,896 -2 175,719 4,564
-7 132,921 1,938 -1 180,286 4,569
-5 136,879 1,994 0 184,858 4,575
-4 138,875 1,998 2 194,021 4,592
-3 140,874 2,001 4 203,227 4,615
-2 142,876 2,004 5 207,847 4,626
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft3) (ft)
6 212,479 4,638 10000217 -15 122,618 2,801
7 217,122 4,649 -13 128,368 2,949
8 221,827 4,761 -11 134,464 3,145
9 226,644 4872 -9 140,924 3,300
10 231,571 4,984 -7 148,039 3,787
20 277,000 5,933 -6 152,073 4,474
-5 157,103 5,079
01374320 -11 121,073 3,490 -4 162,223 5131
-9 128,073 3,511 -2 172,491 5,137
-7 135,107 3,523 -1 177,629 5,139
-6 138,640 3,544 0 182,770 5,142
-5 142,195 3,566 2 193,070 5,168
-4 145,763 3,569 4 203,452 5,214
-3 149,334 3,572 5 208,677 5,237
-2 152,908 3,576 6 213,925 5,260
-1 156,485 3,579 7 219,197 5,283
0 160,065 3,582 8 224,491 5,306
2 167,237 3,593 9 229,808 5,329
4 174,439 3,608 10 235,148 5,352
5 178,051 3,616 15 261,000 5,495
6 181,671 3,624
7 185,299 3,632 10000218 -13 100,468 5,338
8 188,934 3,639 -11 112,165 6,294
9 192,651 3,794 -9 125,487 6,722
10 196,522 3,948 -7 139,365 6,990
15 230,000 4,047 -6 146,381 7,042
-5 153,449 7,094
01374320 -11 121,073 3,490 -4 160,584 7,138
-9 128,073 3,511 -3 167,724 7,143
-7 135,107 3,523 -2 174,870 7,149
-6 138,640 3,544 -1 182,021 7,154
-5 142,195 3,566 0 189,178 7,160
-4 145,763 3,569 2 203,508 7,172
-3 149,334 3,572 4 217,865 7,185
-2 152,908 3,576 5 225,054 7,192
-1 156,485 3,579 6 232,249 7,199
0 160,065 3,582 7 239,451 7,205
2 167,237 3,593 8 246,660 7,212
4 174,439 3,608 9 254,086 7,640
5 178,051 3,616 10 261,940 8,068
6 181,671 3,624 15 285,000 9,760
7 185,299 3,632
8 188,934 3,639 0137448530 -12 72,000 15,000
9 192,651 3,794 -10 112,000 15,130
10 196,522 3,948 -8 143,000 15,205
15 230,000 4,047 -6 174,098 15,257
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (t?) (ft)
-5 189,368 15,284 2 247,542 14,486
-4 204,654 15,286 4 276,525 14,498
-3 219,941 15,289 5 291,026 14,504
-2 235,231 15,291 6 305,533 14,510
-1 250,523 15,293 7 320,046 14,516
0 265,817 15,295 8 334,565 14,522
2 296,413 15,300 9 349,089 14,528
4 327,028 15,315 10 363,620 14,534
5 342,346 15,323
6 357,673 15,330 01374486 -12 104,753 5195
7 373,083 15,490 -11 110,052 5,366
8 388,652 15,650 -9 120,992 5,539
9 404,383 15,810 -7 133,431 6,279
10 420,273 15,970 -6 139,739 6,336
-5 146,091 6,369
0137448530 -12 72,000 15,000 -4 152,477 6,402
-10 112,000 15,130 -3 158,918 6,484
-8 143,000 15,205 -2 165,422 6,506
-6 174,098 15,257 -1 171,939 6,527
-5 189,368 15,284 0 178,474 6,544
-4 204,654 15,286 2 191,588 6,565
-3 219,941 15,289 4 204,727 6,574
-2 235,231 15,291 5 211,303 6,579
-1 250,523 15,293 6 217,885 6,584
0 265,817 15,295 7 224,471 6,588
2 296,413 15,300 8 231,062 6,593
4 327,028 15,315 9 237,657 6,598
5 342,346 15,323 10 244,257 6,603
6 357,673 15,330
7 373,083 15,490 01374486 -12 104,753 5195
8 388,652 15,650 -11 110,052 5,366
9 404,383 15,810 -9 120,992 5,539
10 420,273 15,970 -7 133,431 6,279
15 495,000 16,810 -6 139,739 6,336
-5 146,091 6,369
10000219 -15 56,622 3,095 -4 152,477 6,402
-13 63,298 3,558 -3 158,918 6,484
-11 74,239 7,043 -2 165,422 6,506
-9 89,341 8,973 -1 171,939 6,527
-7 117,960 14,174 0 178,474 6,544
-6 132,157 14,221 2 191,588 6,565
-5 146,411 14,287 4 204,727 6,574
-4 160,767 14,375 5 211,303 6,579
-3 175,208 14,445 6 217,885 6,584
-2 189,658 14,454 7 224 471 6,588
-1 204,116 14,463 8 231,062 6,593
0 218,583 14,471 9 237,657 6,598
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between

Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel USGS Channel Channel
station or area width station or area width
cross section Stage (ft9) (ft) cross section Stage (ft?) ()
10 244,257 6,603 -5 151,407 12,818
-4 164,227 12,822
10000220 -15 74,501 6,455 -3 177,051 12,827
-13 87,504 6,547 -2 189,880 12,831
-11 100,878 7,151 -1 202,714 12,836
-9 119,392 9,812 0 215,552 12,840
-7 139,120 9,903 2 241,252 12,860
-6 149,040 9,936 4 266,992 12,880
-5 158,992 9,968 5 279,877 12,890
-4 168,999 10,046 6 292,772 12,900
-3 179,090 10,136 7 305,677 12,910
-2 189,227 10,140 8 318,592 12,920
-1 199,369 10,143 9 331,517 12,930
0 209,513 10,147 10 344,452 12,940
2 229,816 10,158
4 250,150 10,175 10000223 -15 97,914 6,337
5 260,329 10,184 -13 110,657 6,399
6 270,517 10,192 -11 123,562 6,512
7 280,748 10,269 -9 136,659 6,585
8 291,055 10,346 -7 150,004 6,764
9 301,440 10,423 -6 156,785 6,799
10 311,902 10,500 -5 163,623 6,877
-4 170,501 6,880
10000221 -15 64,820 4,841 -3 177,382 6,883
-13 76,667 7,851 -2 184,267 6,887
-11 96,287 10,251 -1 191,156 6,890
-9 119,230 11,903 0 198,047 6,893
-7 143,798 12,448 2 211,841 6,900
-6 156,318 12,593 4 225,651 6,911
-5 169,002 12,688 5 232,565 6,916
-4 181,695 12,697 6 239,483 6,921
-3 194,396 12,705 7 246,408 6,927
-2 207,105 12,713 8 253,337 6,932
-1 219,822 12,722 9 260,272 6,938
0 232,548 12,730 10 268,411 9,340
2 258,023 12,745
4 283,528 12,760 10000224 -15 86,546 4,097
5 296,292 12,768 -13 94,854 4,201
6 309,063 12,775 -11 103,328 4,280
7 321,842 12,783 -9 111,948 4,339
8 334,628 12,790 -7 120,691 4,410
9 347,422 12,798 -6 125,122 4,452
10 360,223 12,805 -5 129,607 4,518
-4 134,267 4,721
10000222 -8 113,723 11,793 -3 140,156 5,999
-7 125,807 12,630 -2 146,236 6,057
-6 138,591 12,683 -1 152,294 6,060
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Appendix I. (continued) Cross-sectional geometry data used in BRANCH flow model of the Hudson River between
Green Island and Hastings-on-Hudson, N.Y.

USGS Channel Channel

station or area width
cross section Stage (ft9) (ft)

0 158,356 6,063

2 170,489 6,070

4 182,648 6,089

5 188,742 6,098

6 194,845 6,108

7 200,957 6,117

8 207,079 6,127

9 213,304 6,324

10 219,726 6,521

01376303 -15 83,681 3,674

-13 91,184 3,823

-11 98,943 3,936

-9 106,929 4,050

-7 115,148 4,192

-6 119,405 4,322

-5 123,792 4,452

-4 128,248 4,459

-3 132,711 4,467

-2 137,181 4,474

-1 141,659 4,489

0 146,145 4,489

2 155,141 4511

4 164,174 4,522

5 168,698 4,527

6 173,227 4,532

7 177,762 4,537

8 182,302 4,542

9 186,863 4579

10 191,460 4,616
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Appendix Il. Initial condition card input for Hudson River branches between Green Island and Hastings-on-Hudson for May 9-10, 1990
[Locations are shown in figs. 2 and 3; ft, feet; ft3/s, cubic feet per second. Water temperature 56 ° Fahrenheit]

No. of Discharge Segment Water l_:low
Source Outlet cross Stage (cubic ft per length temperature reS|s_ta_nce S_egmgnt L Momt_an_tum
node node sections (ft) second) () CF) coe(fgltgl)ent orientation coefficient
1 2 6 BR1--GREEN ISLAND TO ALBANY
4.88 18090 9100 56.0 0.025 196.0 1.000
4.78 20500 10560 56.0 0.025 188.5 1.000
4.66 24000 12144 56.0 0.025 205.5 1.000
4.55 28000 7920 56.0 0.025 212.0 1.000
4.46 31000 5300 56.0 0.025 199.0 1.000
4.40 34000 199.0 1.000
2 4 4 BR2--ALBANY TO CASTLETON-ON-HUDSON
4.40 34000. 12140. 56.0 0.025 191.5 1.000
4.25 39000. 6340. 56.0 0.024 169.0 1.000
4.20 42000. 24800. 56.0 0.024 186.0 1.000
391 54000. 186.0 1.000
3 4 2 BR3--STORAGE NEAR CASTLETON-ON-HUDSON
391 250. 8000. 56.0 0.025 186.0 1.000
2.99 250. 186.0 1.000
4 6 4 BR4--CASTLETON-ON-HUDSON TO SCHODACK LANDING
391 54000. 22700. 56.0 0.024 203.0 1.000
3.66 67000. 12150. 56.0 0.023 180.0 1.000
3.52 74000. 7390. 56.0 0.023 180.0 1.000
344 79000. 180.0 1.000
5 6 2 BR5--STORAGE NEAR SCHODACK LANDING
3.44 250. 24000. 56.0 0.025 180.0 1.000
297 250. 180.0 1.000
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Appendix II. (continued) Initial condition card input for Hudson River branches between Green Island and Hastings-on-Hudson for May 9-10, 1990

Source Outlet I(\:l:)o.sosf Stage (?Jifgzrssr Slee gnngfhm temvr\)/::g:ure res'i:sl?z:\;]ce S_egmgnt L Momc_en_tum
node node sections (ft) second) () CF) coe(lz;(;l)ent orientation coefficient
6 8 3 BR6--SCHODACK LANDING TO STOCKPORT
344 79000. 20060. 56.0 0.023 190.0 1.000
3.22 92000. 22710. 56.0 0.022 170.0 1.000
2.97 107000. 170.0 1.000
7 8 2 BR7--STORAGE NEAR STOCKPORT
2.97 250. 14000. 56.0 0.025 170.0 1.000
2.96 250. 170.0 1.000
8 10 4 BR8--STOCKPORT TO CATSKILL
2.97 107000. 22700. 56.0 0.022 194.0 1.000
2.71 122000. 15310. 56.0 0.021 216.0 1.000
255 133000. 7390. 56.0 0.021 187.5 1.000
2.46 137000. 187.5 1.000
9 10 2 BR9--STORAGE NEAR CATSKILL
2.46 250. 13000. 56.0 0.025 187.5 1.000
2.92 250. 187.5 1.000
10 12 3 BR10--CATSKILL TOWEST CAMP
2.46 137000. 13730. 56.0 0.02 212.0 1.000
2.32 147000. 26930. 56.0 0.019 203.5 1.000
201 166000. 203.5 1.000
11 12 2 BR11--STORAGE NEAR WEST CAMP
201 250. 13000. 56.0 0.025 203.5 1.000
2.88 250. 203.5 1.000
12 13 2 BR12--WEST CAMP TO SAUGERTIES
201 166000. 14780. 56.0 0.018 188.0 1.000

1.85 177000. 188.0 1.000
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Appendix Il. (continued) Initial condition card input for Hudson River branches between Green Island and Hastings-on-Hudson for May 9-10, 1990

No. of Discharge Segment Water l_:low
Source Outlet cross Stage (cubic ft per length temperature reS|s_ta_nce S_egmgnt L Momt_an_tum
node node sections (ft) second) () CF) coe(fgltca:l)ent orientation coefficient
13 14 5 BR13--SAUGERTIES TO KINGSTON
1.85 177000. 21120. 56.0 0.017 190.0 1.000
1.63 192000. 5280. 56.0 0.017 196.0 1.000
1.53 197000. 13730. 56.0 0.017 191.0 1.000
1.35 208000. 16900. 56.0 0.017 188.0 1.000
1.15 220000. 188.0 1.000
14 15 5 BR14--KINGSTON TO HYDE PARK
1.15 220000. 7400. 56.0 0.015 165.0 1.000
1.05 225000. 13720. 56.0 0.015 165.0 1.000
0.85 234000. 10560. 56.0 0.015 191.5 1.000
0.73 240000. 13730. 56.0 0.015 180.0 1.000
0.59 248000. 180.0 1.000
15 16 4 BR15--HYDE PARK TO POUGHKEEPSIE
0.59 248000. 13730. 56.0 0.015 182.5 1.000
0.53 255000. 8980. 56.0 0.015 157.0 1.000
0.50 259000. 15840. 56.0 0.015 184.0 1.000
0.43 266000. 184.0 1.000
16 17 3 BR16--POUGHKEEPSIE TO CLINTON POINT
0.43 266000. 13730. 56.0 0.015 177.0 1.000
0.36 271000. 15840. 56.0 0.015 183.0 1.000
0.30 276000. 183.0 1.000
17 18 4 BR17--CLINTON POINT TO CHELSEA PUMP STN
0.30 276000. 6864. 56.0 0.017 180.0 1.000
0.25 278500. 6864. 56.0 0.017 180.0 1.000
0.22 280000. 7920. 56.0 0.017 197.0 1.000

0.16 282000. 197.0 1.000
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Appendix II. (continued) Initial condition card input for Hudson River branches between Green Island and Hastings-on-Hudson for May 9-10, 1990

Source Outlet I(\:l:)o.sosf Stage (?Jifgzrg‘; Slee gnngfhm temvr\)/::g:ure res'i:sl?z:\;]ce S_egmgnt L Momc_en_tum
node node sections (ft) second) () CF) coe(lz;(;l)ent orientation coefficient
18 19 3 BR18--CHELSEA PUMP STN TO BEACON
0.16 282000. 13727. 56.0 0.017 208.5 1.000
0.10 285000. 12144, 56.0 0.017 186.0 1.000
0.02 287000. 186.0 1.000
19 20 3 BR19--BEACON TO POLLEPEL ISLAND
0.02 287000. 11615. 56.0 0.017 180.0 1.000
-0.06 289000. 8000. 56.0 0.017 180.0 1.000
-0.12 291000. 180.0 1.000
20 21 2 BR20--POLLEPEL ISLAND TO BREAKNECK POINT
-0.12 291000. 6864. 56.0 0.017 148.0 1.000
-0.16 291500. 148.0 1.000
21 22 3 BR21--BREAKNECK POINT TO COLD SPRING
-0.16 291500. 6325. 56.0 0.017 152.0 1.000
-0.20 292000. 5808. 56.0 0.017 155.0 1.000
-0.25 293000. 155.0 1.000
22 23 6 BR22--COLD SPRING TO WEST POINT SOUTH DOCK
-0.25 293000. 1600. 56.0 0.017 180.0 1.000
-0.26 293000. 3550. 56.0 0.017 159.0 1.000
-0.29 293500. 1900. 56.0 0.017 106.0 1.000
-0.31 293500. 2200. 56.0 0.017 170.0 1.000
-0.33 294000. 3000. 56.0 0.017 200.5 1.000
-0.34 294000. 200.5 1.000
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No. of Discharge Segment Water Flow
Source Outlet cross Stage (cubicftper length temperature reS|s.ta.nce Segmgnt 1 Mom(.en.tum
node node sections (ft) second) (1) CF) coe(gltgl)ent orientation coefficient
23 24 6 BR23--WEST POINT SOUTH DOCK TO INDIAN POINT
-0.34 294000. 12144, 56.0 0.015 190.0 1.000
-0.36 295000. 14784. 56.0 0.015 209.0 1.000
-0.38 295500. 11088. 56.0 0.015 139.5 1.000
-0.40 296000. 5808. 56.0 0.015 163.0 1.000
-0.43 296000. 10032. 56.0 0.015 215.0 1.000
-0.45 295000. 2150 1.000
24 25 4 BR24--INDIAN POINT TO BOWLINE POINT
-0.45 295000. 6864. 56.0 0.015 158.5 1.000
-0.46 294500. 6864. 56.0 0.015 156.0 1.000
-0.49 294000. 10032. 56.0 0.015 151.0 1.000
-0.53 293000. 151.0 1.000
25 26 3 BR25--BOWLINE POINT TO TELLERS POINT
-0.53 293000. 10032. 56.0 0.0185 155.5 1.000
-0.55 292000. 6336. 56.0 0.0185 149.0 1.000
-0.57 291000. 149.0 1.000
26 27 7 BR26--TELLERS POINT TO HASTINGS-ON-HUDSON
-0.57 291000. 8448. 56.0 0.0185 160.5 1.000
-0.60 290000. 13200. 56.0 0.0185 183.0 1.000
-0.65 287000. 12672. 56.0 0.0185 180.0 1.000
-0.70 283000. 12672. 56.0 0.0185 180.0 1.000
-0.74 279000. 11616. 56.0 0.0185 177.0 1.000
-0.79 273000. 6426. 56.0 0.0185 180.0 1.000
-0.82 268000. 180.0 1.000

1 Segment orientation measured clockwise to positive axis, in degrees from true north.



